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While psychotic disorders are thought to involve a disruption of cortico-cortical and
cortico-subcortical connections, it is unclear whether this is a correlate of the disorder
itself or is related to risk factors for the disorder. In this PhD thesis, I examined the
integrity of cortical connections, the pattern of cortical morphology in two unique MRI
datasets that have been collected over the last five years: one from a large sample of twins
with and without schizophrenia, and another from a cohort of subjects with prodromal
signs of psychosis, scanned before and after the onset of the disorder. The main hypothesis
of this work is that abnormal cortical connectivity will be evident in subjects at risk of
psychosis, but to a lesser degree than in patients with psychosis. Diffusion Tensor Imaging
(DTI) and T1-weighted images were acquired for both samples. DTI is a brain imaging
technique that aims to reconstruct white matter connections between cortical areas and
assess their microstructure. T1-weighted imaging enables the examination of cortical
shape changes that may result from abnormal connections. I applied to MRI data of
both samples a voxel-brain morphometry analysis to DTI data, probabilistic tractography
and a method for the assessment of cortical morphology. The principal result of my
analysis confirmed the main hypothesis of this study. Further work revealed that abnormal
connections are evident before the onset of psychosis and that these abnormalities may
underlie the risk of developing psychosis.
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1.1 Research context and heart of the problem
Psychotic disorders like schizophrenia are severe and debilitating conditions which
develop in early adulthood. Existing treatments have only limited effectiveness and there
is increasing interest in finding ways of preventing these disorders. Whilst there is ev-
idence that patients with schizophrenia have alterations in the way different brain areas
are connected to each other, it is unclear whether this is due to the illness itself or to risk
factors that are also present in people who do not have schizophrenia. This issue can be
addressed by comparing brain scans from patients to those of unaffected individuals at
high risk of the disorder.
1.2 Thesis contribution
In order to clarify whether brain abnormalities in schizophrenia are specific to the dis-
ease or to risk factors that are also present in people who do not have schizophrenia, I
17
propose in this thesis to analyse the white matter ‘wiring’ of the brain in people at high
risk of psychosis, either because they have a twin with the disorder, or because they are
experiencing ‘prodromal’ symptoms. But, rather than simply looking at the connections
between different brain regions, I will also investigate cortical changes that may be asso-
ciated with white matter abnormalities under the hypothesis, first proposed by Van Essen,
that the cortex is shaped through the action of mechanical forces acting on white matter.
The main hypothesis of this thesis is that abnormal cortical connectivity will be evi-
dent in subjects at high risk of psychosis, for genetic or clinical reasons, but to a lesser
degree than in patients with the full blown disease. The originality of this thesis lies in
the application of state of the art white matter and grey-matter analysis techniques to two
unique populations of subjects at very high risk of schizophrenia. The first population
includes individuals at high risk of psychosis (UHR) because they have an At-Risk Men-
tal State (ARMS) and the second population comprises a large sample of twins with and
without schizophrenia.
I will report the results of the first longitudinal white matter study in the UHR pop-
ulation, now published in a peer review journal. This adds new knowledge to the field
of brain structural abnormalities associated with the risk and onset of psychosis. The
strength of this analysis is the combination of a cross-sectional and longitudinal design
used to investigate a population of UHR subjects that are very difficult to recruit. I will
describe the findings from the first Diffusion Tensor Imaging (DTI) study in a large sam-
ple of twins concordant and discordant for schizophrenia, as well as control twins. The
findings bring new knowledge to the field of structural abnormalities associated with ge-
netic or shared environmental risk factors for schizophrenia. Furthermore, DTI datasets
are analysed with the most up-to-date DTI image processing methods, using a whole brain
approach and tractography. I will also provide an assessment of the folding degree and
cortical thickness in these two high risk populations.
Clinical and neuroimaging data were collected before the beginning of my doctorate
and therefore I was not involved in planning data acquisition, in obtaining the funds for the
collection of data and in the active recruitment phase. Twins data were recruited between
July 2000 and September 2007 at the Institute of Psychiatry under the supervision of Dr.
Marco Picchioni. The principal investigator of this project was Sir Prof. Robin Murray.
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Dr James Woolley and colleagues of the Outreach and Support in South London (OASIS)
clinical team recruited UHR subjects and healthy controls between May 2002 and Jan-
uary 2005 under the supervision of the principal investigator of that project, Prof. Philip
McGuire. This research was in part supported by GlaxoSmithKline, but with no restric-
tion to data access, analysis or presentation. Participants in both studies were scanned at
the Center for Neuroimaging Sciences of the Institute of Psychiatry, King’s College Lon-
don. Given the large size of these two research studies, several clinicians and researchers
were involved in the collection of data used in this thesis. I will not attempt to name them
all, but I have acknowledged my debt and offered my thanks in the ‘Acknowledgments’
section.
Before beginning my doctorate, I noticed in the existing literature that too little atten-
tion has been paid to the study of white matter microstructure and cortical morphology in
individuals at risk of psychosis. I was interested in examining the relationship between
cortical morphology and white matter microstructure, and the extent to which abnormali-
ties in these domains underlie the risk of developing psychosis. I therefore made contact
with both Sir Prof. Robin Murray and Prof. McGuire and proposed that I analyse the data
from the two unique datasets they collected over the years. I proposed to analyse:
1. Diffusion tensor imaging data using a voxel brain morphometry approach and trac-
tography.
2. T1-weighted data to study cortical thickness and gyrification. The principal investi-
gators allowed me to carry out this project. They gave me the opportunity to apply
for a research fellowship in order to fund myself during the doctorate and to include
the results of my analyses in the present thesis. I was awarded a Wellcome Trust
Research Training Fellowship (Grant No. 086636/Z/08/Z) in September 2009 and
began the doctorate in January 2010.
1.3 Thesis outline
My thesis is organised into seven chapters. Following this short introductory chapter
(chapter 1), I will introduce the theory behind this work (chapter 2). In chapter 3, I will
describe the two cohorts analysed. The first is a cohort of individuals at ultra-high risk
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of psychosis whereas the second one is a cohort of twin samples. In chapter 3, I will
also describe the methods used to study structural brain connectivity. In chapter 4, I will
apply a whole brain analysis for DTI data to both samples. In chapter 5, I will apply a
probabilistic tractography analysis to investigate the anterior thalamic radiation in both
samples. In chapter 6, I will apply a cortical folding analysis to the study of prefrontal
cortex in both samples. In chapter 7, I will draw conclusions from previous chapters
and discuss some open questions about imaging the neuroanatomical correlates of the
vulnerability of psychosis.
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This chapter provides an overview of the concepts and hypotheses that are relevant to
this thesis. In section 2.1 I will describe some concepts of the brain and its development.
I will also give an overview of the existing evidence from ontogeny supporting a rela-
tion between gyrification, cortical thickness and white matter microstructure. Finally, I
will briefly describe the indices used in the literature to quantify cortical gyrification and
thickness and white matter features. In section 2.2, I will briefly review the biological
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and neuroimaging evidence supporting the ‘dysconnection hypothesis of schizophrenia’.





The current concept of brain function is often based on the observation that the brain
has distinct functional regions and that the function of these brain regions depends on
their connections (Mesulam, 2012). The term ‘functional localisation’ is used to indi-
cate that different regions of the brain are made up of neurons specialised in processing
specific types of information. Functional localisation is widely accepted in neuroscience
to the point that is used in clinical practice by neurologists and neurosurgeons to indi-
cate cortical regions involved in several motor, sensory and cognitive functions. The term
‘functional integration’ indicates that brain function depends more on the way neurons
are interconnected than on their specialisation (Kandel, 2012). For instance, motor and
sensory information are processed in brain regions where the connections typically form
a precise map of the body. The motor and sensory neurons that make up these maps
are basically very similar but have different functions because of the connections they
make. The terms ‘connection’ and ‘connectivity’ are often used in different contexts with
multiple meanings. The purpose of the following paragraphs is therefore to clarify the
terminology used in literature to describe brain connectivity. The simplest example of
connection is the one between two neurons. The synapse is considered the structural hall-
mark of neuronal connections. A synapse consists of the terminus of a presynaptic axon
which is in close proximity to a postsynaptic cell, separated by a synaptic cleft. The pres-
ence of a synapse is essential, but not sufficient, to provide evidence of signal exchange
between neurons. However, it provides the structures required for signal transmission in
case of neuronal firing. A typical neuron can make thousands of synaptic connections and
receives even more. Each neuron makes specific connections with some postsynaptic cells
but not with others, forming non-random networks of considerable complexity (Kandel,
2012). Studies of macaque cortex have revealed that the number of connections range
between one and two thirds of all possible cortico-cortical connections (Felleman and
Van Essen, 1991; Markov et al., 2012). Connections with cortical neurons can originate
24
from other cortical neurons, either in the same hemisphere or in the opposite hemisphere
(cortico-cortical connections) and from neurons in the subcortical gray matter structures
(cortico-subcortical connections). Despite the great amount of information gathered in
the literature about cellular aspects of human brain cortex, little is known about cortico-
cortical connectivity in humans. Most of our understanding of brain connectivity in hu-
mans is inferred from studies on monkeys (Mesulam, 2012). Although this inference is
largely accepted and considered plausible, it cannot be easily verified in humans with-
out having recourse to invasive methods. Modern techniques of neuroimaging allow re-
searchers to investigate in-vivo three interrelated aspects of human brain connectivity:
functional, effective and structural (anatomical) connectivity. ‘Functional connectivity’
refers to the statistical dependence between brain regions as demonstrated by functional
neuroimaging (Sporns et al., 2004). For instance, during the execution of a task, two
brain regions that are statistically correlated are considered functionally connected to each
other. According to this definition, two brain regions can be functionally connected even
in the absence of a direct physical connection between them. Furthermore, the existence
of a statistical correlation does not necessarily imply causal relation as well. The term ‘ef-
fective connectivity’ is used to indicate this causal relationship: based on the observation
of the temporal ordering of neural events, effective connectivity indicates the influence
of a brain region over another one (Sporns et al., 2004). While functional connectivity is
model-free, effective connectivity is dependent on the existence of physical connections
between brain regions. As shown by Stephan et al., posing neuroanatomical constraints
on effective connectivity provides more accurate dynamic causal models of effective con-
nectivity (Stephan et al., 2009b). ‘Anatomical (or structural) connectivity’ indicates a set
of physical connections between cerebral regions (Sporns et al., 2004). It is measured
post-mortem in humans or animals and in-vivo using magnetic resonance imaging.
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Development of brain connectivity
An in-depth discussion of neuroembryology is beyond the scope of this thesis, how-
ever it is important to mention how the brain develops to understand the process of cor-
tical folding, white matter maturation and abnormalities causing perturbations of brain
connectivity. Brain development can be divided into several phases. The human embry-
onic period is approximately 8 weeks long and can be divided into 23 stages, or ‘Carnegie
Stages’ (O’Rahilly and Müller, 2006), based on morphological criteria of the embryo. A
satisfactory morphological staging does not exist for the foetal period. In clinical litera-
ture and practice, the prenatal period is subdivided into three trimesters of 13 weeks each.
The development of the human brain may be divided into several phases, summarised
in Table 2.1 (Donkelaar et al., 2006). After embryonic implantation, the formation and
separation of the germ layers occur. This is followed by dorsal and ventral induction,
neurogenesis, migration, organisation and myelination.
The foetal period includes a phase of neuronal and glial proliferation followed by neu-
ronal migration to the cortex. Initially, germinal neuroepithelial cells forming the wall of
the neural tube are organised into a single layer of cells. When neuroepithelial cells pro-
liferate, the matrix layer thickens, the epithelium becomes pseudostratified and, at some
point, the nuclei of these elongated cells withdraw from the superficial layer and form
an inner layer called the matrix layer (Kahle, 1951) or ventricular zone (VV.AA., 1970).
The development of the foetal brain can be observed using foetal MRI (see Figure 2.2).
Germinal cells of the matrix layer are progenitors of macroglial and neuronal cells of the
central nervous system. The outer anuclear layer is called the marginal layer and will be
occupied by the axonal process of maturing neuroblasts. Initially, the progenitor cells pro-
duce more progenitor cells in the matrix layer (symmetrical division of progenitor cells)
and the neural tube thickens steadily. After this period, there is a phase of asymmetrical
division, in which one of the cells resulting from each mitosis withdraws from the mitotic
cycle and migrates out from the matrix layer to form the mantle layer or intermediate




























































































































































































































































































































































































































































































































































































































































































































neurons and glial cells. Cells giving birth to neuroblasts and daughter cells are known
as stem cells. The appearance of stem cells in the germinal matrix terminates the sym-
metrical cellular proliferation. The asymmetrical phase leads to a rapid thickening of the
mantle layer. Glial proliferation overlaps neurogenesis and persists throughout life (Lee
et al., 2000). The first glial population to develop is made of radial glial cells, so called
because they extend radially from the ventricular to the meningeal surface, followed by
oligodendrocite precursors, astrocytes and oligodendrocites (Lee et al., 2000). Rakic et al.
proposed that the size of the neocortex is determined by the number of radial units (radial
unit hypothesis; see Figure 2.4) (Rakic, 1988). According to this, radial glial proliferation
would be the key developmental step that differentiates humans from other primates. Most
of the cellular proliferation occurs in the primary proliferative compartment (ventricular
zone) although this can occur in secondary compartments localised in the cerebellum (ex-
ternal germinal or granular layer) or in the lateral and basal walls of the telencephalon
(subventricular layer).
Figure 2.1: Formation of the neural tube from the neural crest. Transverse sections of human
embryos at stages 8 (a), 9 (b) and 10 (c). EC = ectoderm; NP = Neural Plate; NCr
= Neural Crest; NF = Neural Folding; NT = Neural Tube; NCa = Neural Canal.
The migration of neurons is a critical step in the formation of the complex structure
of the nervous system. Neuroblasts migrate outward from the site of their final mitosis
in the ventricular zone into the cortical plate, where they form the adult cortex. The
majority of cells move along a radial pathway defined by radial cells. A minority of
cells, however, migrate orthogonally to the radial fibres (O’Rourke et al., 1992). Radial
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Figure 2.2: Foetal MR at 20 weeks post conception. A-D: Axial images show that the ventric-
ular zones (low intensity rims around the ventricles, small black arrows) around
lateral ventricles (v) are rather large at this age. The ventricular zone is thickest at
the region of the caudate heads (the last portion of the matrix layer to involute, also
called the ganglionic eminence). Between the ventricular and the cortex, MR shows
a layer of intermediate signal intensity, or the intermediate zones (large white ar-
rows; C, D), representing the developing foetal white matter (19). E: Coronal image
shows the ventricular zone (very low intensity, small white arrows), intermediate
zone (intermediate intensity, large white arrow), subplate (higher intensity, large
black arrow), and cerebral cortex (similar low intensity to ventricular zone, small
black arrows). These zones are most prominent in younger foetuses (18-20 weeks);
they can still be seen but are less conspicuous at 23 to 24 weeks. Images are taken
from Barkovich et al. (Barkovich, 2005) with permission.
migration can occur under the guidance of radial glial cells or independently of them
(Nadarajah et al., 2001). Radial cells are bipolar cells with a short process bordering
the ventricular zone and a second projection extended to the meningeal surface. Radial
cells act as ‘binaries’ for the motion of neuroblasts (Rakic, 1971, 1972). Communication
between radial cells and neuroblasts is mediated by an array of receptors and ligands (Pilz
et al., 2002). Neuronal migration can also occur tangentially without the aid of radial
cells (His). This is the case of GABAergic interneurons of the cerebral cortex that move
from the ganglionic eminences to the neocortex under molecular guidance (Marin and
29
Rubenstein, 2001). The six layers of the cerebral cortex form during development as
neurons migrate toward the pial surface and occupy their final positions. This process
is called histogenesis. The first wave of neurons leaves the ventricular zone and moves
into the preplate (or primordial plexiform layer), just beneath the pial surface. Neurons
that will form the cortical plate, the precursor of layers II-VI of the cortex, enter the
preplate, separating it into the marginal zone above and the subplate below. Layers II-VI
are generated from the deepest layer to the most superficial, in an inside-out manner, with
layer (layer VI) appearing first followed by the remaining layers V-II (see Figure 2.3).
Figure 2.3: Histogenesis proceeds through three stages (Sanes et al., 2012). In the first stage,
the wall of the cerebral cortex is made up of progenitor cells, which are located in
the ventricular zone (see figure on the left). In the second stage, the first neuron exits
the cell cycle and moves into the preplate, close to the pial surface. Neurons in the
pre-plate can be subdivided into more superficial (Cajal-Retzius cells) and subplate
cells. In the third stage, new neurons migrate along radial glial fibres to form the
cortical plate. This layer is located between the Cajal-Retzius cells (forming the
marginal zone) and the subplate (now called intermediate zone). The majority of
neurons in the cerebral cortex accumulate in this layer.
Commissural fibres start developing between 8 and 17 weeks of gestational age and
start connecting the corresponding areas of both hemispheres with each other. The cor-
pus callosum forms from front to back with the exception of the rostrum, which forms
last. A brain insult during this phase results in a complete or partial (splenium and ros-
trum affected) callosal agenesia. The outgrowth of the cerebral cortex begins during the
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foetal life, overlaps with the proliferation and migration of neurons and continues during
the postnatal period. ‘Gyration’ or ‘gyrification’ are terms used to indicate the develop-
ment of gyri. The pattern of gyral development is not synchronous across the cerebral
surface. Gyrification is most rapid in the brain regions along sensorimotor and visual
pathways (O’Rahilly and Müller, 2006). These regions are characterised by the earliest
myelination (Barkovich et al., 1988), glucose uptake (Chugani et al., 1987) and increased
cerebral perfusion (Barkovich and Hallam, 1997). Moreover these regions present the
most rapid cortical microstructural (Trivedi et al., 2009) and metabolic maturation (Pen-
rice et al., 1996). Gyrification is slowest in the frontobasal, frontopolar, and anterior
temporal regions, which are also the slowest regions to myelinate and to mature metabol-
ically (Barkovich and Hallam, 1997; Chugani et al., 1987; Penrice et al., 1996). With the
exception of two (Armstrong et al., 1995; Chi et al., 1977), neuropathological studies of
gyrification have been conducted to date on small cohorts of subjects (Afif et al., 2007;
Dorovini-Zis and Dolman, 1977; Larroche, 1981). Neuropathologists consider gyrifica-
tion to be a reliable estimate of gestational age because the chronology of the appearance
of sulci is very precise (see Table 2.2). Hence gyrification is considered a good marker
of foetal brain maturation (Trivedi et al., 2009). Gyrification has been studied using MRI
in vitro (Hansen et al., 1993), in vivo pre- (Garel et al., 2001; Lan et al., 2000; Levine
and Barnes, 1999) and postnatally (van der Knaap et al., 1996). Garel et al. showed
that sulcal development correlates with gestational age when sulci are detected by MRI
after 28 gestational weeks (Garel et al., 2001). At 20-22 weeks of gestation, the sur-
faces of the cerebral hemispheres are smooth and the brain presents only the interhemi-
spheric and the Sylvian fissures. Between 22 and 33 weeks, the cerebral hemispheres
develop Rolandic (central), calcarine, pericallosal/callosomarginal, interparietal and su-
perior temporal sulci. Calcarine, parieto-occipital, and cingulate sulci appear during the
sixth month (by 22-25 weeks); the Rolandic (central), precentral, postcentral, superior
frontal and superior temporal intraparietal sulci appear at the end of the eight month (by
26-33 weeks)(Garel et al., 2001). Myelination at this stage is visible in some brain stem
structures only. The cerebral white matter is still not completely myelinated. At 34 weeks,
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Table 2.2: Chronology of sulcation according to Garel et al. (Garel et al., 2001).
Cerebral surface Sulci, fissures Gestational ages(gestational weeks)




Secondary cingular sulci 33
Marginal sulcus 27
Calcarine fissure 24-25
Secondary occipital sulci 34
Ventral cerebral surface Hippocampic fissure 22-23
Collateral sulcus 26
Occipitotemporal sulcus 33
Lateral cerebral surface Superior frontal sulcus 29
Inferior frontal sulcus 29
Superior temporal sulcus (posterior part) 27
Superior temporal sulcus (anterior part) 32
Inferior temporal sulcus 33
Intraparietal sulcus 28
Insular sulci 34
Vertex Central sulcus 26
Precentral sulcus 27
Postcentral sulcus 28
all of the primary and most of the secondary sulci are already evident. The sulci will
deepen in the next several weeks (Garel et al., 2003) and this will continue during post-
natal life.
The myelination of neuronal axons takes place from the second trimester and reaches
completion in adulthood. There is a marked temporal diversity in topographic patterns of
myelination. Myelination starts initially in the peripheral rather than in the central ner-
vous system and progresses from the spinal cord to the brain. The process of myelination
moves from the central region of the brain (pre- and postcentral gyri) to the periphery.
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Sensory areas myelinate earlier than motor areas. Myelination in the brain occurs earlier
in areas of primary function than in association areas (van der Knaap et al., 2005). Hemi-
spheric white matter begins to myelinate during the seventh month of gestation. During
the eighth month of gestation, myelination starts also in the corpus striatum, anterior limb
of the internal capsule, subcortical white matter of the post- and precentral gyri, rostral
part of the optic radiation as well as corticospinal tracts in midbrain and pons, transpon-
tine fibres, middle cerebellar peduncles and cerebellar hemispheres. In the ninth month of
gestation, myelination continues in the thalamus, putamen, central part of the corona radi-
ata, distal part of the optic radiation, acoustic radiation, anterior commissure, midportion
of the corpus callosum and fornix. However, at birth, most of the cerebral hemispheres
are still largely not myelinated. During the first postnatal year, myelin spreads through-
out the entire brain. By the age of about 8 months, myelin sheaths are still sparse in the
temporal and frontal areas. An advanced state of myelination is noticed in all subcortical
areas at the end of the second postnatal year. Albeit less pronounced, changes in white
matter myelination continue during childhood, adolescence (Paus et al., 2001) and early
adulthood. Cortical myelination of frontal and temporal lobes, two key regions in the de-
velopment of schizophrenia, occurs during late adolescence and early adulthood (the time
of peak incidence of onset of schizophrenia)(Benes, 1989; Benes et al., 1994). In addi-
tion, apoptosis, or programmed cell death (PCD), synaptogenesis, dendritic arborisation
begins during the foetal life and may continue throughout infancy and childhood.
Gyrification, thickness, white matter and neurodevelopment
During brain development, neurons that are in the ventricular zone migrate to form
cortical columns (Rakic, 1988). The ‘radial unit hypothesis’ indicates the cortical col-
umn as a fundamental unit of cortical organisation. Experiments on embryonic brains
have tested the radial unit hypothesis by diminishing the rate of programmed cell death
(apoptosis) or by increasing the rate of neural stem cell proliferation in the ventricular
layer. Both experimental changes caused an increased number of progenitor cells in the
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ventricular layer, resulting in a larger number of proliferative units (see Figure 2.4). This,
in turn, generates a corresponding numeric rise of radial minicolumns that enlarge the
cortical surface and create convolutions in the normally lissencephalic mouse brain (Ra-
kic, 2003). Thus, an increase in the number of cells in the ventricular layer leads to an
increased cortical surface. The number of cells within each cortical column determines
the cortical thickness ((Rakic, 1995); see Figure 2.5).
Figure 2.4: Radial hypothesis (Figure from Rakic et al. (Rakic, 2009) with permission). The
model illustrates how changes in the mode and the rates of cell proliferation and/or
programmed cell death within the neural stem cell pool (blue circles) in the ventricu-
lar zone (VZ) that divide symmetrically at early embryonic stages cause an exponen-
tial increase in the number of radial columns, which, in turn, results in surface ex-
pansion of the cerebral cortex without changes in its thickness. By contrast, similar
changes in proliferation kinetics occurring in the founder cells (red circles), which
divide asymmetrically, cause a linear increase in the number of neurons within ra-
dial columns without a change in the cortical surface area.
Ontogeny offers an insight into the relationship between cortical thickness and area.
A recent neuroimaging study showed that healthy adults with the largest cortical area of
superior frontal lobe, cingulate, and inferior temporal gyri have also a thinner cortex in
these regions (Hogstrom et al., 2012). Local gyrification also showed a negative rela-
tionship with thickness, but was positively related to surface area. The authors of this
study observed a pattern of ‘cortical stretching’ (cortical thinning with increased corti-
cal surface area and gyrification) in a subset of young adults and hypothesised that this
34
Figure 2.5: Radial hypothesis (Figure from Rakic et al. (Rakic, 2009) with permission). The
model of radial neuronal migration which underlies column organisation. The co-
horts of neurons generated in the VZ traverse the intermediate zone (IZ) and sub-
plate zone (SP) containing ’waiting’ afferents from several sources (cortico-cortical
connections (CC), thalamic radiation (TR), nucleus basalis (NB), monoamine sub-
cortical centres (MA)) and finally pass through the earlier generated deep layers
before settling in at the interface between the cortical plate (CP) and marginal zone
(MZ). The positional information of the neurons in the VZ and corresponding pro-
tomap within the SP and CP is preserved during cortical expansion by transient
radial glial scaffolding.
may reflect neurodevelopmental processes, arising before adulthood, possibly due to the
growth of white matter stretching and shaping the adjacent grey matter. An increased
cortical surface is linked to the development of cortical folding (Rakic, 2009). This is
easily understood because an increased cortical surface, thinner than other regions, offers
less resistance to folding. Although the relationship between area, thickness and gyrifica-
tion may appear obvious, the mechanisms underpinning such a pattern of gyrification are
still poorly understood. Various hypotheses have been formulated for the development of
cortical folding. The two main mechanisms proposed are: (1) the intracortical differential
growth hypothesis or (2) the tension hypothesis (see Figure 2.6, Figure 2.7 and Figure






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 2.6: Intracortical differential growth model (Richman et al., 1975). Brain cortex is
roughly divided into two layers with the outer layer growing faster (indicated by
↑↑) than the inner layer (↑). The underlying tissue does not grow (‘0’). Differential
growth results in cortical buckling.
The intracortical growth hypothesis proposes that folding is caused by differential
growth rates between cortical layers (see Figure 2.6) (Richman et al., 1975). This hy-
pothesis suggests that folding depends on intracortical events only, and is supported by
evidence in animal studies of normal folding after surgical ablation of part of the cortex
(Barron, 1950). The limitation of the mathematical model proposed by Richman et al. is
that it does not explain the consistent patterns of large primary folds. Another weakness is
the assumption that cortical grey matter should be ten times stiffer than underlying tissue.
Interestingly, a different research group recently suggested that differential growth of the
cortical sheet may result in intrinsic curvature and favour the formation of short-range
connections (Ronan et al., 2011). This hypothesis stems from experimental evidence
that mechanical tension generates and regulates axonal development in several types of
cultured neurons (Heidemann and Buxbaum, 1994). Van Essen proposed that when ax-
ons connect with other parts of the brain, they pull together the interconnected regions
(Van Essen, 1997). According to this view, two adjacent regions would be strongly in-
terconnected (e.g. the two largest components of the visual cortex, areas V1 and V2,
would be strongly wired together because they are spatially adjacent; see Figure 2.7)
(Van Essen, 1997). This hypothesis would potentially explain why the pattern of gyri is
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Figure 2.7: Overview of axon tension hypothesis (Van Essen, 1997). Tension (arrows) in axons
that strongly interconnect two cortical regions pulls them closer to each other to
form an outward fold (big black arrows). An inward fold forms between two outward
folds to separate weakly interconnected cortical regions (big white arrows). Long-
range connections (with subcortical structures or distant cortical regions) may also
influence cortical folding, although to a lesser degree because the tangential force
components are smaller.
highly reproducible in humans and allows for little individual variation. Consistent fold-
ing across individuals would occur in regions with few major pathways. In those regions
with a more substantial wiring, a slightly stronger pathway or slightly larger cortical area
may drive only one pattern of folding. Individual variations may arise in regions where
a slightly weaker pathway may shape a different folding pattern. The tension-hypothesis
has been tested in vitro and the existence of tension forces has been demonstrated in the
white matter of mature mice brains (Xu et al., 2009). In this study, Xu et al. made two
cuts into cortical grey matter: one involving the cortex only and the second one more
deeply through the cortex into the underlying white matter tract made of parallel neu-
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Figure 2.8: Actual distributions of axon tension based on dissection and histology data observed
by Xu et al. (Xu et al., 2010). Axons are under tension (tension is indicated by ar-
rows), and the majority of them are located circumferentially in the subcortical
white matter tract, in the subplate of the inward folds and radially in the subplate
or the cores of outward folds. No circumferential tension on axons (dotted lines) was
detected by authors in the cores (subplate) of outward folds.
ral axons. Cuts into cortical grey matter did not open, whereas cuts through both layers
opened at the point where the cut crossed the white matter (Xu et al., 2009). This finding
was interpreted as evidence that white matter tracts are under tension, although this does
not necessarily imply a causal role for axonal tension (Xu et al., 2010). Recently Xu et
al. proposed a mechanism involving differential growth and remodelling of the subplate
that would explain cortical folding and stress fields consistent with experimental data (see
Figure 2.8) (Xu et al., 2010). The tension-based hypothesis has also been tested in an-
imal studies. Changes in gyrification have been documented in the developing primate
brain after experimental lesions on white matter (Goldman-Rakic, 1980; Goldman-Rakic
and Rakic, 1984). Studies on primate brains showed that the density of cortico-cortical
connections strongly correlates with the curvature of trajectories, with a straightening of
axonal trajectories where there are high density connections and curvature where there
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are low density connections (Hilgetag and Barbas, 2006; Toro and Burnod, 2005).
Measures of gyrification and white matter
Cortical folding can change across the lifespan. Several authors tried to quantify these
changes (for a review see White et al.(White et al., 2010)). There are several ways of
measuring the degree of folding, either post-mortem (Armstrong et al., 1995; Zilles et al.,
1988) or in-vivo (White et al., 2010). Zilles et al. proposed a manual measurement of an
index of gyrification (GI) on post-mortem brains (Zilles et al., 1988). The GI is measured
on coronal sections of the brain as a ratio between the length of the outer folded surface of
the brain (including the surface buried within the sulci) and the length of the outer surface
of the brain (see Figure 2.9) (Armstrong et al., 1995; Zilles et al., 1988). Brains with a high
degree of cortical folding have higher GI values. Zilles showed in normal subjects that GI
values are different across the brain and are higher in the prefrontal and temporal/parietal
association regions compared to other regions (Zilles et al., 1988). Armstrong et al. found
that the gyrification index increases during foetal life, reaches a plateau at birth and is
thought to remain stable thereafter (Armstrong et al., 1995). These studies were carried
out in-vitro and the GI was defined on (two-dimensional) coronal sections. As GI values
are based on two-dimensional images, they can be biased by the slice orientation. Hence,
it is not possible to exclude the possibility that a difference in GI between two subjects
may be due to a different slice orientation rather than a genuine difference in folding.
Magnetic resonance imaging (MRI) allows these limitations to be overcome thanks
to its multiplanar capabilities, which allow a three-dimensional acquisition of data. A
number of pieces of software have been developed to reconstruct cortical surfaces from
T1-weighted MRI images; these include Freesurfer 1 (Dale et al., 1999), Brainvisa 2






Figure 2.9: Gyrification Index calculation proposed by Zilles et al. (Zilles et al., 1988). The GI
is measured on coronal sections of the brain as a ratio between the length of the
outer folded surface of the brain (including the surface buried within the sulci) and
the length of the outer surface of the brain.
et al., 2001), CIVET/CLASP 5 (Ad-Dabbagh et al., 2006), Surfrelax 6 (Larsson, 2001)
and Brainvoyager 7 (Goebel et al., 2006). Surface reconstruction is a requisite for the
calculation of 3D gyrification index. Gyrification can be quantified in several ways (for
a review of methods see Su et al. (Su et al., 2012)). The GI can be calculated on MRI
images as the ratio between the outer surface, which is the surface wrapped around the
brain, and the inner contour corresponding to the cortical surface. Different techniques are
capable of computing gyrification indices at both global (whole brain) and local (hemi-
spheric, lobar and gyral) level. Harris et al. measured manually the gyrification of frontal,





2004a). A manual method is time-consuming and operator-dependent; therefore quicker,
automated, methods were developed. Moorhead et al proposed an automatic method for
the estimation of the GI in the prefrontal cortex from multiple coronal slides (Moorhead
et al., 2006). This method has been applied to individuals at risk of developing psy-
chosis (Dauvermann et al., 2012; Harris et al., 2007; Stanfield et al., 2008), schizophrenia
(Bonnici et al., 2007; McIntosh et al., 2009), bipolar (McIntosh et al., 2009; Mirakhur
et al., 2009) and obsessive-compulsive disorders (Wobrock et al., 2010). More recently,
Cachia at al. (Cachia et al., 2008) and Schaer et al. (Schaer et al., 2008) proposed an
index of gyrification at the lobar or sulcal level, which helps to describe folding of a par-
ticular region of interest. This local index of gyrification (l-GI) has been calculated in
patients with schizophrenia (Cachia et al., 2008; Haukvik et al., 2012), newborns (Dubois
et al., 2008) and patients with velo-cardio-facial syndrome (22q11 Deletion Syndrome)
(Schaer et al., 2006). Toro et al. developed a method that differs from those of Cachia and
Schaer in that the local gyrification index is independent of the construction of an outer
surface (Toro et al., 2008). According to Toro, GI is calculated as a ratio between the
cortical surface included within a small sphere over the cortex and the area of a disc cor-
responding to the radius of the sphere. However, as the author acknowledged, GI varies
with the diameter of the sphere used. This makes comparison between groups difficult.
Kao et al. proposed a depth-weighted local gyrification that authors showed to be more
sensitive than local gyrification in detecting folding differences between normal children
and adolescents (Kao et al., 2007). Using this method, White et al. showed gyrification
changes from adolescence onwards. A recent large neuroimaging study on a large co-
hort of 322 normal subjects across the adult life (age-range 20-85 years) measured local
gyrification according to the method proposed by Schaer et al. and found age-related
changes in gyrification (Hogstrom et al., 2012). Changes were more pronounced in the
postcentral, supramarginal and inferior parietal lobes. Authors reported a quadratic ef-
fect of age on gyrification, strongest in the frontal lobe, suggesting that gyrification in the
frontal lobes changes less in the later decades of life. Findings from this study of normal
adults (Hogstrom et al., 2012) and those of normal adolescents (White et al., 2010) sug-
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gest that gyrification may not be stable across the lifespan as previously thought, based
on post-mortem evidence (Armstrong et al., 1995). These findings could reflect biolog-
ical processes including pruning, apoptosis, plasticity and neurodegenerative processes
occurring during the course of ageing. However, these two analyses are based on cross-
sectional data and a longitudinal design would be better indicated to shed light on this
matter. Cortical complexity is a broad term used to describe not only the degree of fold-
ing (gyrification), but also cortical curvature and sulcal depth, and a complete description
of the factors involved is beyond the scope of this thesis. Cortical complexity can be in-
ferred from the degree of cortical curvature and can be explored at a local or global level
(Koenderink and Vandoorn, 1992; Luders et al., 2004; Magnotta et al., 1999). Other in-
dices of cortical complexity include depth measurements of the sulci based on Euclidean
distance (Lohmann, 1998) or geodesic surface distance (Kao et al., 2007; Rettmann et al.,
2002).
2.2 Schizophrenia as a disorder of brain connectivity
Psychotic disorders such as schizophrenia are severe mental illnesses that develop in
early adulthood. Patients with schizophrenia can present with a diverse symptomatology
including hallucinations that may lead patients to develop strange beliefs and delusions,
lack of insight, thought disorder and negative symptoms (see Table 2.4) (Picchioni and
Murray, 2007). These symptoms are often accompanied by a broad range of cognitive
deficits affecting processing speed, episodic memory, working memory and executive
function. Current pathophysiological theories of schizophrenia highlight the role of al-
tered connectivity of key brain areas, although the idea dates back to the pioneering work
of Wernicke (Wernicke, 1906) and Bleuler (Bleuler, 1911). Wernicke hypothesised that
psychosis arose from the anatomical disruption of association fibre tracts and not from
focal brain lesions (Wernicke, 1906). Years later, Bleuler postulated that schizophrenia
was characterised by abnormal brain integration, and a splitting of the psychic functions
(Bleuler, 1911). Since then considerable evidence has accumulated that a key factor un-
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Table 2.4: Overview of frequent symptoms and neurocognitive deficits in schizophrenia.
Positive symptoms Negative symptoms Cognitive deficits
Lack of insight Lack of emotions Problems to understand infor-




Lack of pleasure and interest
in everyday life Difficulties in paying atten-
tion
Ideas of reference
Lack of ability to begin and
sustain planned activities Memory problems
Delusions of reference Loss of motivation
Suspiciousness Social withdrawal





derlying the symptoms and cognitive deficits associated with psychosis is a disturbance
of cortico-cortical connectivity (Bleuler, 1911; Friston, 1998, 1999; Konrad and Winterer,
2008; McGuire and Frith, 1996; Stephan et al., 2006, 2009a). This is consistent with neu-
roimaging evidence of functional (Fletcher et al., 1996; Frith, 1995; McGuire and Frith,
1996; McGuire et al., 1995), effective (Allen et al., 2010; Deserno et al., 2012; Diaconescu
et al., 2011; Winterer et al., 2003) and anatomical (Konrad and Winterer, 2008) connectiv-
ity abnormalities in schizophrenia. Evidence shows a functional dysconnectivity between
the frontal and temporal cortex (Fletcher et al., 1996; Frith, 1995; McGuire and Frith,
1996; McGuire et al., 1995), and an altered microstructure in the white matter pathways
that connect the frontal and temporal lobes (Ellison-Wright and Bullmore, 2009; Kanaan
et al., 2005; Shergill et al., 2007).
Gyrification in schizophrenia
Abnormal cortico-cortical connectivity may also manifest indirectly as altered cortical
gyrification (degree of cortical folding), which normally reflects the nature of the afferent
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Table 2.5: Overview of post-mortem studies of gyrification in schizophrenia compared to con-
trols.
Gyrification Hemispheric level Lobar level Gyral level




Trend reductions in me-




↑ GI NA Right prefrontal region
(Vogeley et al., 2000)
NA
and efferent connections to a given region (Hilgetag and Barbas, 2006; Van Essen, 1997;
Welker, 1990). Gyrification has shown to be abnormal in neurodevelopmental disorders
(Gaser et al., 2006; Schaer et al., 2006; Schmitt et al., 2002) and in schizophrenia (Bonnici
et al., 2007; Falkai et al., 2007; Haukvik et al., 2012; Kulynych et al., 1997; McIntosh
et al., 2009; Palaniyappan and Liddle, 2012; Palaniyappan et al., 2011; Sallet, P. C. et al.,
2003; Schultz et al., 2011; Tepest et al., 2012; Vogeley et al., 2000; Wheeler and Harper,
2007; White et al., 2003).
Post-mortem studies have reported controversial neuropathological findings (Harri-
son, 1999; Harrison and Weinberger, 2005). Overall, schizophrenia does not have a
unique consistent neuropathological marker as seen in some other brain disorders. How-
ever, reviews of the existing literature and several meta-analyses have shown that schizophre-
nia is associated with subtle widespread neuropathological abnormalities of both grey
and white matter. Macroscopic findings include ventricular enlargement (Reveley et al.,
1982), reduced brain volume (Haijma et al., 2012; Lawrie and Abukmeil, 1998; Wright
et al., 2000) and weight (Harrison et al., 2003), reduced cortical volume (Lawrie and
Abukmeil, 1998; Wright et al., 2000), density (Hulshoff Pol et al., 2001) and thickness
(Kuperberg et al., 2003), abnormalities of gyrification (Kulynych et al., 1997; Vogeley
et al., 2000) and hippocampal shape (Casanova and Rothberg, 2002). Such abnormalities
have been reported also in subjects at risk of psychosis before the onset of the disor-
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Table 2.6: Overview of in-vivo MRI studies of gyrification in schizophrenia compared to con-
trols.
Gyrification Hemispheric level Lobar level Gyral level
↓ GI
Bilaterally (Sallet, P. C.
et al., 2003)
Left hemisphere in the
paranoid subtype (Sal-
let, P. C. et al., 2003)
Prefrontal cortex bilat-
erally (Bonnici et al.,




left inferior frontal, left
frontopolar, right su-




Left insula and several







nations (Cachia et al.,
2008)
The local sulcal index
decrease the superior
temporal sulcus bilater-
ally, in the left middle
frontal sulcus and in
the diagonal branch
of left sylvian fissure
(Broca’s area) (Cachia
et al., 2008)
↑ GI Right hemisphere (Vo-geley et al., 2000)
In the frontal and pari-
etal cortices bilaterally
(Tepest et al., 2012)
Frontomarginal region
bilaterally (Palaniyap-
pan and Liddle, 2012;
Palaniyappan et al.,
2011)
Visual areas (V1, V2
and the V5/MT+) bi-
laterally (Schultz et al.,
2011)
More flattened curva-
ture in the sulci and
more steeped or peaked
curvature in the gyri
(White et al., 2003)
No differ-
ences
NA (Highley et al., 2003a) NA
Table 2.7: Overview of in-vivo MRI studies of gyrification in FEP compared to controls.
Gyrification Hemispheric level Lobar level Gyral level
↓ GI NA NA NA
↑ GI NA
Right temporal lobe (Harris et al.,
2004a)
Right parahippocampal-lingual cor-
tex (Schultz et al., 2010)
NA
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der (Lawrie et al., 1999; Pantelis et al., 2003; Staal et al., 2000) and at the first episode
of psychosis (Zipursky et al., 1998), specifically in the prefrontal cortex, superior tem-
poral gyrus, hippocampus and thalamus (Harrison and Weinberger, 2005). Microscopic
findings include an abnormal location of neurons in lamina II of the entorhinal cortex
(Arnold et al., 1991; Falkai et al., 2000; Jakob and Beckmann, 1986; Kovalenko et al.,
2003) and in the white matter (Akbarian et al., 1993a,b, 1996; Anderson et al., 1996;
Eastwood and Harrison, 2003, 2005), suggesting a perturbed neuronal migration and con-
nectivity (Harrison, 1997; Kirkpatrick et al., 1999; Murray and Lewis, 1987; Roberts,
1990; Weinberger, 1995) although there is some dissent (Akil and Lewis, 1997; Beasley
et al., 2002; Heinsen et al., 1996). Ultrastructural, morphometric and microarray studies
of white matter revealed a reduced number and function of oligodendrocites (Walterfang
et al., 2006), cells that are involved in neuronal migration, myelination and synaptic and
neuronal integrity. Other histological abnormalities include small neuronal bodies in the
hippocampus and neocortex, reduction of their dendritic spines, dendritic arborisation
and reduction of synaptic projections of some interneurons suggesting abnormalities of
synaptic transmission (Harrison and Weinberger, 2005). Finally, the number of corti-
cal neurons is the same as that of healthy controls and there is no evidence of gliosis,
suggesting that a neurodegenerative aetiology is unlikely (Harrison, 1999; Harrison and
Weinberger, 2005). Overall, these structural changes may represent the anatomical sub-
strate of functional abnormalities in neural connectivity. Since its introduction as a re-
search tool in psychiatry, in-vivo neuroimaging has confirmed some of the post-mortem
findings. Initially, researchers focused their attention on grey matter, where neurons form
the processing centres responsible for cognition and behaviour. MRI studies have revealed
subtle widespread structural changes in grey matter (Wright et al., 2000), with volumetric
loss of grey matter in the prefrontal, temporal, parietal, and limbic lobes of the associa-
tive cortex (Fornito et al., 2009). This has been attributed both to pathological changes in
the neuronal architecture and local circuitry (Selemon and Goldman-Rakic, 1999) and to
impaired control of synaptic plasticity (Stephan et al., 2009a). Gyrification abnormalities
in schizophrenia have been reported mainly in the frontal lobe, and less frequently in the
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parietal and occipital lobes (see Table 2.6). Only one study did not find any difference
between patients with schizophrenia and controls (Highley et al., 2003a). Two studies
reported folding changes in the temporal lobes of subjects at the first episode of psychosis
(see Table 2.7) (Harris et al., 2004b; Schultz et al., 2010). Gyrification abnormalities have
also been described in the frontal lobe of patients at increased risk of developing psychosis
(Dauvermann et al., 2012; Falkai et al., 2007; Harris et al., 2004a, 2007; Jou et al., 2005;
Stanfield et al., 2008; Tepest et al., 2012; Vogeley et al., 2001) (see chapter 6 for more
detail). An altered cortical gyrification (degree of cortical folding) could be the result
of a perturbation of normal brain developmental, possibly reflecting a deficit of afferent
and efferent connections to a given region (Hilgetag and Barbas, 2006; Van Essen, 1997;
Welker, 1990).
White matter abnormalities in schizophrenia
Compared to grey matter, white matter remained unexplored for decades in terms
of neuroimaging, although direct pathological and genetic studies did reveal white mat-
ter abnormalities in schizophrenia (Walterfang et al., 2006). Advances in the MRI of
white matter have begun to change this. Techniques based on diffusion weighted imag-
ing (DWI) can be used to assess in-vivo white matter in great detail (Le Bihan, 2003).
Diffusion is sensitive to local microstructural tissue properties such as the fibre diame-
ter, fibre density, membrane permeability, myelination and coherence in the orientation
of boundaries within each voxel (Beaulieu, 2002). Changes in these tissue properties
have been associated with several illnesses, including psychosis (for a review of diffusion
imaging studies in psychosis, see reference (Ellison-Wright and Bullmore, 2009)). In the
majority of studies available, diffusion data are modelled by a diffusion tensor, with the
combined acquisition and processing being known as Diffusion Tensor Imaging (DTI).
In DTI studies, the diffusion indices most frequently reported are fractional anisotropy
(FA), radial, axial and mean diffusivity (RD, AD, MD) (Basser et al., 1994; Song et al.,
2002). Fractional Anisotropy, or ‘FA’, is an index of the proportion of the diffusion along
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this preferred direction (assumed to represent the direction of the fibre). Other indices are
axial diffusivity (AD), i.e. the diffusion along the direction of the principal eigenvector
of the tensor (corresponding to the main axis of the tensor ellipsoid) and radial diffusiv-
ity (RD), the average of the remaining two eigenvalues, which provides a measure of the
diffusion perpendicularly to the fibre axis. Mean diffusivity (MD) is the average value of
the three eigenvalues of the diffusion tensor and provides a measure of overall diffusion.
Although changes or differences in these measures reflect changes in white matter mi-
crostructure, the interpretation of these changes is not clear (Jones and Cercignani, 2010;
Pierpaoli et al., 1996). Schizophrenia has been associated with FA reduction (for a review,
see reference (Kanaan et al., 2005)). Any change in anisotropy associated with a disorder
such as this could be caused by changes in multiple factors including fibre diameter, fibre
density, membrane permeability, myelination and coherence in the orientation of bound-
aries within each voxel. Among these factors, the most important determinant of the
anisotropy (of a uni-modal Gaussian tensor) is the manner in which the axons are laid out
in the voxel, rather than any of the above factors (Pierpaoli et al., 1996). It would be incor-
rect to assert that FA reduction is caused by a specific aspect of tissue microstructure, for
instance myelination (Jones et al., 2012). FA changes can be interpreted as reduced white
matter integrity in regions where white matter microstructure is known to be damaged.
In schizophrenia, this damage is not evident using in-vivo neuroimaging and thus, in this
context, interpreting FA reduction to be white matter integrity damage would appear to be
speculative. FA reduction could be observed in voxels where axons are organised less co-
herently, with a range of orientations (such as might arise from fibres fanning, branching,
crossing, twisting), or where there are few barriers to diffusion (Takahashi et al., 2002), or
where these barriers are less effective and membranes are more permeable (Jones et al.,
2012). DTI measures such as those above are often compared across groups at a whole
brain level, using voxel-based analyses, but can also be analysed at individual level along
trajectories reconstructed by tractography algorithms (Jones et al., 2005). A voxel-based
approach is designed to identify regions (specifically, clusters of image voxels) of reduced
anisotropy and not to probe the integrity of specific fibre bundles. Fibre tracking, or trac-
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tography, is a technique that aims to generate in vivo representations of specific white
matter pathways from DTI data. The directional information present in DTI data can be
used to create a map of one or more individual pathways, or even the whole brain, and
several studies claim to have shown a close correspondence between these DTI-based re-
constructions of fibre pathways and autoptic data (Catani and Thiebaut de Schotten, 2008;
Mori et al., 2005). These reconstructions can be used to limit the examination of FA (or
other measures) to a specific tract (Jbabdi and Johansen-Berg, 2011; Kanaan et al., 2006)
and such an approach has been successfully applied to investigate psychosis. Whole brain
tractography can be used to infer a network model of connections between all the regions
of interest within an image rather than between two regions only. Overall neuropathology
and neuroimaging (Nestor et al., 2008) findings support the hypothesis that a core feature
of schizophrenia is a faulty structural connectivity between different parts of the brain.
However, caution must also be applied in interpreting connectivity changes based on FA
values, as there is no evidence that high FA values reflect high connectivity or that low
FA values reflect low connectivity. Although FA values probably underpin some aspects
of brain connectivity, a relationship between FA and connectivity is still unclear. The
interpretation of these DTI measures is complicated by the fact that the diffusion tensor
model is inadequate in white matter regions in which there are crossing fibres (Wheeler-
Kingshott and Cercignani, 2009). Unfortunately, these crossing fibres are seen in between
one and two thirds of the voxels in the human brain (Behrens et al., 2003; Jeurissen et al.,
2012). For all the reasons mentioned above, DTI changes must be interpreted with cau-
tion.
Thalamo-cortical connections in schizophrenia
White matter fibres connecting the thalamus and brain cortex separate from the corona
radiata and the internal capsule to enter the rostral and caudal poles of the thalamus. These
fibres are spatially organised to form four thalamic peduncles (Carpenter and Sutin, 1983;
Nieuwenhuys et al., 2007) (anterior, posterior, superior and inferior), which together form
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the medial portion of the internal capsule (Yas¸argil et al., 2005). Fibres connecting the
cortex and thalamus present a radiate morphology; therefore, the term ‘thalamic radia-
tion’ is often used as synonymous of ‘thalamic peduncle’ (Wakana et al., 2004b). The
thalamic peduncles (or radiations) reciprocally connect the thalamus with the prefrontal
and orbitofrontal cortex and cingulate gyrus (Nieuwenhuys et al., 2007) (by way of the
anterior thalamic peduncle; see Figure 2.10), the cortex of the parietal, occipital and tem-
poral lobes (posterior thalamic peduncle), the premotor, motor and somatic sensory cortex
(superior thalamic peduncle) and the orbitofrontal, insular and temporal cortices and the
amygdaloid nucleus (inferior thalamic peduncle).
Figure 2.10: Diagram of the thalamic peduncles (radiations) projected onto the brain surface
(lateral view).
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Table 2.8: Thalamic nuclei involved in schizophrenia and their connections
Thalamic nucleus Input Output Function
Limbic nuclei
Anterior Mammillothalamic tract Cingulate cortex Memory storage ad emotion











Anatomy and projection of thalamic nuclei
The thalamus is a paired, large, ovoid grey matter nuclear complex located within
the diencephalon, placed medially to form part of the lateral wall of the third ventri-
cle. It is located functionally and anatomically between the brainstem and telencephalon.
Anatomists generally use the term ‘thalamus’ to refer to the dorsal thalamus. The term
‘ventral thalamus’ is used to indicate the reticular nucleus and the zona incerta, and
‘metathalamus’ to refer to the geniculate bodies. The thalamus is composed of multi-
ple nuclei, which have motor, sensory and limbic connections. Most of the output of the
thalamus is directed toward the cortex, whereas it receives afferent connections from cor-
tical and subcortical structures. Nuclei of interest in this chapter are the pulvinar (sensory
nucleus) and the anterior and mediodorsal nuclei (the limbic nuclei; see Table 2.8) be-
cause they are involved in the etiopathology of schizophrenia (for a review of findings see
(Byne et al., 2009; Harrison and Weinberger, 2005)).
The pulvinar can be subdivided into "medial pulvinar’, separated from the medial dor-
sal nucleus by the internal medullary lamina, and lateral (PL) and inferior (PI) divisions
(Byne et al., 2009). The pulvinar is thought to be involved in functional impairments
associated with schizophrenia, including perceptual and oculomotor abnormalities, atten-
tion and working memory deficits. Its role in schizophrenia is better understood in terms
of its brain connectivity. The medial pulvinar projects to the prefrontal cortex and links
the limbic system with other association cortices implicated in schizophrenia, including
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the anterior cingulate and superior temporal cortices (Byne et al., 2009). In contrast to
the medial pulvinar, PL and PI have primarily visual connections. PL also projects to the
temporal association cortex and to the auditory cortex (Pandya, 1995). The pulvinar has
been implicated in a variety of visual functions including visual salience, attention and
working memory (Byne et al., 2009); however, it also has auditory connections (Pandya,
1995) and has been implicated in language functions (Crosson, 1999). Apart from PI,
all pulvinar subdivisions project to the auditory association cortex of the superior tem-
poral gyrus, which is involved in the discrimination and localisation of auditory stimuli
(Pandya, 1995). The superior temporal cortex projects to the lateral prefrontal regions that
are connected to both the pulvinar and the mediodorsal nucleus. The anterior nuclear com-
plex and the mediodorsal nuclei are nuclei projecting to the limbic system (see Table 2.8).
The anterior nuclear complex is composed of three nuclei, anterodorsal, anteroventral and
anteromedial, although the lateral dorsal nucleus is sometimes also considered a compo-
nent (Byne et al., 2009). It is involved in the execution of multiple functions (including
memory, learning, emotion, motivation, conflict monitoring, and novelty detection) that
are impaired in schizophrenia (Byne et al., 2009). Anteroventral and anteromedial divi-
sions are often referred to as the anterior principal nucleus (APN) (Byne et al., 2006).
The APN projects reciprocally to the cingulate and paracingulate gyri, and also sends
efferents to the hippocampus. The hippocampus then projects to the mammillary bodies
which, in turn, connect with the APN but not with the anterodorsal nucleus (Byne et al.,
2009). The anterodorsal component is vestigial in humans. The medial dorsal nucleus
(MD) receives afferent connections from the temporal lobe, amygdala and hypothalamus
and projects to the prefrontal cortex (Byne et al., 2009). This nucleus seems to be impli-
cated in the etiopathology of schizophrenia, in relation to deficits of executive function
and working memory (Byne et al., 2009). The human MD is a heterogeneous structure.
In Nissl stained material, it is possible to distinguish a medial (magnocellular) part of the
MD nucleus from the lateral (parvocellular) part. In fibre-stained material, the medial
(magnocellular) part of the MD nucleus corresponds approximately to the heavily myeli-
nated portion, whereas the lateral (parvocellular) part is poorly myelinated and sometimes
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called pars caudalis (Byne et al., 2009).
Anterior limb of the internal capsule, anterior thalamic radiation and dorsal and
ventral fronto-striato-thalamic connections.
The anterior limb of the internal capsule is made of three systems of fibres (Axer
and Keyserlingk, 2000; Axer et al., 1999). Single fibres link the caudate nucleus to the
lentiform nucleus. The anterior thalamic peduncle connects the mediodorsal and partially
the anterior thalamic nucleus with the frontal lobe (see Figure 2.11). The frontopontine
tract system connects the frontal lobe with the pons. From an anatomical and functional
standpoint, fronto-striato-thalamic connections are organised into a dorsal and ventral
network (Alexander et al., 1986; Chudasama and Robbins, 2006). The dorsal network in-
cludes the dorsolateral caudate and the parvicellular division of the dorsomedial thalamic
nucleus, projecting through the dorsal portion of the ALIC, to the dorsolateral prefrontal
cortex. The ventral network includes the ventromedial caudate and the magnocellular
part of the dorsomedial nucleus, projecting via the ventral portion of the ALIC to the
orbitofrontal cortex (Tekin and Cummings, 2002).
Figure 2.11: Thalamus and thalamic radiations. (A) tracking-based parcellation of thalamus.
(B) histologic-based parcellation of the thalamus (Anterior thalamic radiation (atr)
projects from anterior and medial regions of the thalamus; superior thalamic ra-
diation (str), from the lateral region; and posterior thalamic radiation (ptr), from
the posterior region (pulvinar). (Image from Wakana et al. used with permission
(Wakana et al., 2004b)).
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Vulnerability for schizophrenia
While there is evidence that patients with schizophrenia have alterations in the way
different brain areas are connected to each other, it is unclear whether this is due to the
illness itself or risk factors that are also present in people who do not have schizophrenia.
Furthermore, patients with schizophrenia recruited in case-control studies have typically
been ill for a long time and treated with a variety of medications, so results are often
confounded by several factors such as the chronicity of symptoms and the effect of med-
ication. One way of addressing the question of whether the changes seen are due to risk
factors for schizophrenia or to the disease itself is to study subjects at risk of psychosis
very early on, possibly before disease onset. Yung and colleagues proposed a ‘close-
in strategy’ based on a combination of multiple risk factors that define a group at ultra
high risk (UHR) of psychosis (Yung et al., 2007). Age in the period of highest risk of
first onset of psychotic disorder is one criterion of inclusion. Three criteria are currently
used to identify the UHR group (Yung et al., 2003, 2004). These are (1) Attenuated Psy-
chotic Symptoms (APS) Group: have experienced subthreshold, attenuated positive psy-
chotic symptoms during the past year; (2) Brief Limited Intermittent Psychotic Symptoms
(BLIPS) Group: have experienced episodes of frank psychotic symptoms that have not
lasted longer than a week and have been spontaneously abated; or (3) Trait plus State Risk
Factor Group: have a first-degree relative with a psychotic disorder or have a schizotypal
personality disorder and have experienced a significant decrease in functioning during the
previous year. Using these UHR criteria, Yung et al. found a rate of transition to psychosis
of over 34% within 6 months of referral to the Personal Assessment and Crisis Evaluation
(PACE) service and rising to 35-40% within 12 months (Yung et al., 2003, 2004), approx-
imately a thousand fold over the expected incidence rate for first-episode psychosis in the
general population (Yung et al., 2007). These criteria have been adopted, among the other
groups around the world, by Outreach & Support in South London (OASIS), a clinical
service in South London (Broome et al., 2005; Fusar-Poli et al., 2012b).
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Strategy used to investigate the vulnerability for schizophrenia
In this thesis, I have analysed neuroimaging data from participants recruited through
OASIS in a cohort of UHR subjects followed over time for a period of approximately two
years, during which some subjects developed psychosis (see chapters 4 and 5 for more
details). The main advantage of this dataset over others is that subjects were scanned
and interviewed during the risk period before and after the development of psychosis, in
the absence of confounding factors such as medication. Despite these advantages, some
practical limitations are that usage of alcohol or illicit drugs can still confound the results
of MRI studies. The rapid development of technology and scanner upgrades may also
pose practical constraint to the longitudinal design of UHR studies. Another way of in-
vestigating the question of whether brain changes observed in schizophrenia are due to
genetic risk factors or to the disease itself is to compare brain scans from twins with or
without schizophrenia. Monozygotic twins discordant for schizophrenia share the same
genetic vulnerability but only one of the pair has the clinical illness. Differences between
them are thus attributable to the disorder, rather than to genetic risk factors. Conversely,
comparison of the unaffected co-twins of patients with healthy control twins indicates the
effects of genetic vulnerability independent of the disorder. In this study, I have analysed
monozygotic and dizygotic twins with schizophrenia, their unaffected co-twins probands
and healthy monozygotic and dizygotic control twins recruited at the Institute of Psychi-
atry (see chapters 4, 5 and 6 for more detail). By comparing identical with non-identical
twins, it is possible to separate out influences of genes and environment. Differences
between affected and unaffected co-twin pairs are presumably disease-related and inde-
pendent of genes, particularly in monozygotic discordant twins, who share a common
genome. Conversely, differences between discordant unaffected twins and healthy con-
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In section 3.1, I will introduce the sample details. I will then discuss the size of the
sample used (section 3.2). In section 3.3, I will review the basic principles of magnetic
resonance imaging, the details of the acquisition sequences and artefact corrections used.
I will describe the image analysis methods used (section 3.4 and 3.6) and the statistical
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DTI and tractography study
UHR Group: Individuals meeting the Personal Assessment and Crisis Evaluation
(PACE) criteria for the At-Risk Mental State (n=32) were recruited from Outreach and
Support in South London (OASIS) (Broome et al., 2005). The diagnosis was based on
assessment by two experienced clinicians using the Comprehensive Assessment for the
At Risk Mental State (CAARMS) (Yung et al., 2002). All UHR subjects were naïve to
antipsychotic medication at the time of the baseline scan. They were followed clinically at
monthly intervals during the first year, at 3 monthly intervals during the second and third
years, and annually thereafter. Twenty-two UHR subjects completed both clinical follow-
up and MRI scans (see Figure 3.1). During this period, 5 developed psychosis and 17 did
not. Transition to psychosis was defined according to the criteria in the CAARMS and
a diagnosis of schizophrenia was confirmed at re-assessment 12 months after transition
using the Structured Clinical Interview for DSM-IV (SCID) (First et al., 1997). Within
the transition subgroup (n=5), the mean interval between the baseline and follow-up MRI
scans was 2 years, while in the non-transition subgroup (n=17), it was 2.4 years. At the
time of the second MRI scan, 3 of the transition subgroup and 2 of the non-transition
subgroup were receiving antipsychotic medication (Quetiapine).
First Episode Group: Patients from the same geographical area as the UHR sample
who had recently presented with a first episode of psychosis (n=15) were recruited from
the Lambeth Early Onset (LEO) Service. All met DSM-IV criteria for a schizophreni-
form psychosis (American Psychiatric Association, 1994) at the time of scanning and met
SCID (DSM-IV) criteria for schizophrenia (First et al., 1997) when re-assessed 12 months
later. Six of the patients were medication-naïve and nine had received less than 3 weeks
of treatment with low doses of atypical antipsychotic medication (mean dose in chlorpro-
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mazine equivalents = 189 mg/day; mean duration of treatment = 11.6 days).
Controls: Healthy volunteers (n=32) were recruited from the same geographical area
as the clinical subjects via local advertisements, or from the friends of the clinical subjects.
Figure 3.1: Detailed characteristics of the UHR group. * Age (mean ± SD): 22.75 ± 2.92;
Gender (Male/Females): 7/1. ** Age (mean ± SD): 25.18 ± 3.70; Gender
(Male/Females): 4/1; 3 subjects were receiving antipsychotic medication (Queti-
apine). † Age (mean ± SD): 23.67 ± 4.13; Gender (Male/Females): 12/12. ‡ Age
(mean ± SD): 27.03 ± 4.33; Gender (Male/Females): 7/10; 2 subjects were receiving
antipsychotic medication (Risperidone, Quetiapine).
Handedness was assessed using the Edinburgh Handedness Inventory (Oldfield, 1971).
Intellectual function (IQ) was estimated using the Wechsler Adult Intelligence Scale, 3rd
Edition (WAIS-III) (Wechsler, 1997). The severity of symptoms in both clinical groups
was assessed with the Positive and Negative Symptoms Scale (PANSS) (Kay et al., 1987)


































































































































































































































































































































































































































assessed using the Global Assessment of Functioning (GAF) scale (American Psychiatric
Association, 1994). Exclusion criteria included history of neurological disorder, history
of alcohol or other substance misuse disorder according to DSM-IV criteria. Participants
gave written informed consent to participate in the study, which was reviewed and ap-
proved by the Joint South London and Maudsley and Institute of Psychiatry Research
Ethics Committee. Demographic characteristics of the sample are reported in Table 3.1.
Gyrification study
The baseline data only were analysed because the follow-up T1-weighted images were
not collected. The demographic characteristics of the sample are reported in Table 3.2.
Table 3.2: Demographic characteristics of the experimental groups used in the gyrification study
of the UHR sample.
Variable Baseline
FEP UHR HC Group comparison
Group size 15 30 30 -
Age at DTI scan:
years (SD)
25.4 (5.0) 23.4 (3.9) 24.3 (4.6) F(2,72)=1.35, p=0.266
Gender
(Male/Female)
14/1 17/13 25/5 χ2(2)= 9.09, p=0.01 ∗




I investigated a sample of 101 individuals from 55 (46 complete and 9 incomplete)
twin pairs, comprising 12 MZ pairs concordant for schizophrenia, 10 MZ and 8 DZ pairs




I investigated an overlapping sample of 116 individuals from 63 (54 complete and 8
incomplete) twin pairs, comprising 16 MZ pairs concordant for schizophrenia, 12 MZ and
9 DZ pairs discordant for schizophrenia, and 26 healthy twin pairs (13 MZ and 13 DZ).
Demographics and clinical variables are reported in Table 3.4 and Table 3.6.
The twins included in the white matter and gyrification studies were drawn from
the same original sample, and were recruited in the same way. The respective sample
sizes differed because not all of the original sample were studied using a DTI acquisi-
tion. Proband twins with schizophrenia were recruited by referral from National Health
Service (NHS) clinics and from voluntary support groups. Control twins were recruited
from the Institute of Psychiatry Volunteer Twin Register and through advertisements in
the national media. Exclusion criteria included organic brain disease, head trauma with a
loss of consciousness for more than 5 minutes, and substance or alcohol dependence, in
the 12 months prior to assessment. Zygosity was determined on the basis of a panel of
highly polymorphic DNA markers from blood or cheek swabs. Current psychotic symp-
toms were assessed using the Scales for the Assessment of Positive (SAPS) and Negative
(SANS) Symptoms (Kay et al., 1987). Socio-economic status and handedness were as-
sessed using the Standard Occupational Classification (2000) and the Annett scale (An-
nett, 1970) respectively. Local and multicentre ethics committees approved the study and
all participants gave written informed consent after a full description of the study’s aims
and methods.
3.2 Sample size
Although a power analysis is straightforward in studies with a single outcome vari-
able, in neuroimaging studies power calculation is complicated by the fact that outcomes
are in the form of 3D images with tens of thousands of correlated voxels. Therefore, the







































































































































































































































































































































































































































Table 3.4: Demographic characteristics of the experimental groups used in the gyrification study
of twins.









Age 33.6 (10.8) 28.6 (8.0) 36.5 (14.8) 40.3 (14.4) F(3,59)=3.53, p=0.02∗
Gender
(Male/Female) 32/14 7/5 4/4 23/26 χ
2(3)=4.61, p=0.20
Handedness
(Right/Left) 36/11 11/1 6/2 39/7 χ
2(3)=1.42, p=0.70
Years of education 13.6 (2.8) 14.2 (3.1) 14.9 (2.5) 14.8 (2.5) F(3,59)=1.11, p=0.35
Parental socioeco-
nomic class
2.2 (0.8) 2.2 (0.8) 1.8 (0.7) 2.8 (1.2) F(3,58)=3.55, p=0.02∗
Handedness was measured with the Edinburgh Handedness Inventory
and location of the effect. Based on this consideration, some authors believe that simply
applying a single-outcome power analysis may not be appropriate for neuroimaging data
(Desmond and Glover, 2002; Friston et al., 1999; Mumford and Nichols, 2008). How-
ever, to date there is a lack of robust alternative methods for calculating the power for
brain imaging studies. At the time the studies reported in this thesis were planned, there
were no published gyrification or DTI studies of either twins with schizophrenia or of
UHR subjects that could be used for formal power calculations. However, when plan-
ning the analyses to include in this doctorate, it was important to know how likely these
were to detect biologically plausible levels of DTI and gyrification differences between
the groups, given the (fixed) sample sizes available. A review of the literature showed
that studies in patients with chronic schizophrenia have obtained significant results with
samples of n=28 for gyrification (Cachia et al., 2008) and n=15 for DTI (Jones et al.,
2006). A review of the diffusion tensor imaging studies reported positive findings with
a minimum sample of n=10 for subjects at clinical risk of psychosis (Peters et al., 2009)
and n=36 in individuals with a genetic risk for schizophrenia (Camchong et al., 2009). A
study reporting values of fractional anisotropy was published after data collection for the
current research had started (Munoz Maniega et al., 2008), however, in which the authors
showed that FA was significantly reduced in the ALIC of high risk subjects compared to
healthy controls (mean difference = 0.012, p = 0.048) and of individuals with schizophre-

















































































































































































































































































































































































Table 3.6: Study of gyrification: clinical variables by group. Data represent mean (SD) values.









SAPS 5.0 (3.5) 0.9(1.6) 1.9(3.7) 0 F(3,55)=33.02, p<0.001∗
SANS 8.3 (4.8) 2.2(3.7) 1.1(2.5) 0 F(3,55)= 38.1, p<0.001∗
CPZ
equivalent 578 (428) 0 0 0 NA
Abbreviations: CPZ, chlorpromazine; SANS, Scale for the Assessment of Negative Symptoms; SAPS, Scale for the Assessment of
Positive Symptoms; NA, not applicable.
these studies suggested that, as the samples sizes of the dataset I have included in this
thesis are comparable to similar studies which have produced significant results, it was
worth performing the proposed analyses. The range of effect sizes suggested by reference
(Munoz Maniega et al., 2008) (d=0.4573 in the case of high risk subjects and d=0.7277
in the case of individuals with schizophrenia, calculated using Gpower (Faul et al., 2007,
2009), indicates that the possibility of type II errors (i.e. false negatives) must always be
considered when interpreting the results, however, particularly for comparisons including
UHR subjects.
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3.3 Magnetic Resonance Imaging (MRI)
Basic principles
Magnetic resonance imaging (MRI) is a non-invasive imaging technique which uses
static and time-varying magnetic fields to produce images of the brain (or body). MRI is
sensitive to protons (hydrogen nuclei) contained in water and other molecules of biologi-
cal tissues. Hydrogen is a component of water and fat which makes it the most widespread
chemical element in the human body, and amongst all the chemical elements, the nuclei
of hydrogen give the strongest magnetic resonance signal. The hydrogen nucleus is the
simplest among the chemical elements and is formed by a single, positively charged, pro-
ton. The nucleus has a property called ‘spin’ which can only be fully explained quantum
mechanically; such an explanation is beyond the scope of this thesis, but a simple clas-
sical model in which the nucleus is considered to be continuously spinning on its own
axis is applicable in many situations. In such a classical approximation, a moving (in this
case spinning) charge constitutes an electric current, and every electric current generates
a magnetic field. Each proton therefore generates a tiny magnetic field called a magnetic
moment (see Fig 3.2a). In addition to the magnetic moment possessed by the nucleus, the
spin, together with the mass of the proton, gives the proton an angular moment (see Fig
3.2b). The combination of spin, electric charge and mass are together responsible for the
magnetic properties of protons. When an object containing hydrogen, such as the human
body or brain, is outside the scanner, all the spins of the body are aligned to the earth’s
magnetic field.
When a person is put inside the MRI magnet, where his body is exposed to a magnetic
field ten thousand times stronger than the earth’s magnetic field, spins align in parallel or
anti-parallel to the magnetic field of the scanner, rather than to the earth’s magnetic field.
Spins are in dynamic energy equilibrium. This means that they spontaneously change
their energy state from parallel to anti-parallel and vice versa, but at any instant in time
the effects of the parallel and anti-parallel spins largely cancel each other out. However,
a small number of excess of parallel over anti-parallel spins creates a constant magneti-
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Figure 3.2: (a) As a rotating mass (m), the proton has angular momentum and acts like a spin-
ning top that strives to retain the spatial orientation of its rotation axis; (b) As a ro-
tating mass with an electrical charge, the proton additionally has magnetic moment
(B) and behaves like a small magnet.
sation in the direction of the magnetic field (using the usual xyz coordinate system, this
corresponds to the z-axis; the portion of magnetisation vector in the z-direction is referred
to as longitudinal magnetisation or Mz; Figure 3.3).
Figure 3.3: In the presence of a magnetic field, slightly more spins align parallel to the main
magnetic field, B0, and thus produce longitudinal magnetisation, Mz.
In a magnetic field, the axis of the spinning nucleus rotates around the direction of the
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Figure 3.4: If an external force (typically the earth’s gravitational field G) acts on a spinning
top and tries to alter the orientation of its rotational axis, the top begins to wobble,
a process called precession (a). If hydrogen nuclei are exposed to an external mag-
netic field, B0, the magnetic moments, or spins, align with the direction of the field
like compass needles (b). The magnetic moments do not only align with the field but,
like spinning tops, undergo precession.
field in a manner analogous to a spinning top moving under gravity; this is called preces-
sion (see Figure 3.4). The frequency (the number of oscillations per unit time) at which
these spins precess, known as the Larmor frequency, is proportional to the magnetic field
strength applied (at 1.5 Tesla it is approximately 63 MHz). The spins all precess with the
same frequency but as they are out of phase their effect adds up along z, but they have no
overall effect in the direction transverse to the field (the xy-plane). During an MRI scan, a
radio-frequency (RF) pulse is used to tilt the orientation of the longitudinal magnetisation
by 90◦ from the z-axis into the xy-plane (see Figure 3.5). The spins are affected only when
the RF pulse is in resonance with the spins (i.e. has a frequency that matches the Larmor
frequency). This is called the resonance condition. Immediately after the 90 degree RF
pulse all the spins are pointing in the same direction within the xy-plane. For as long as
the spins continue to precess in phase with each other, they generate a magnetisation in the
xy-plane (Mxy, also known as the transverse magnetisation). The longitudinal magneti-
sation is now zero. The rotating transverse magnetisation can induce an electrical voltage
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in a nearby conductor, allowing the Magnetic Resonance (MR) signal to be detected. As
soon as the RF pulse is switched off, the nuclear spins start to return to their original state;
the longitudinal magnetisation is restored while the transverse magnetisation vanishes.
This process is called relaxation and is described in more detail below.
Figure 3.5: An RF pulse (a) tips the magnetisation vector by exactly 90◦, causing the entire lon-
gitudinal magnetisation to become transverse magnetisation, Mxy (b)
As the transverse magnetisation decays, the MR signal drops exponentially to zero
within a few tens of milliseconds. This process is due to a dephasing of spins with respect
to each other (i.e. due to the initial alignment of spins being replaced by a situation in
which individual spins point in different directions within the transverse plane, and their
effects therefore cancel out). The loss of phase coherence is caused by energy transfer
between spins (known as spin-spin interaction or T2 decay) and by inhomogeneities of
the magnetic field (the combined effect of which with T2 is known as T2*). The signal
that can be detected as this dephasing takes place is known as the Free Induction Decay
(FID). The longitudinal magnetisation takes longer to recover than transverse magneti-
sation takes to decay away(hundreds rather than tens of milliseconds). Protons return to
their original state (parallel and anti-parallel to the main magnetic field) by dissipating
energy to their surroundings (or lattice). This process is known as longitudinal relaxation
(or spin-lattice relaxation or T1 recovery). The longitudinal relaxation follows an expo-
nential growth characterised by the time constant T1. Both T1 and T2 values (and T2*)
differ between tissues, and by varying timings associated with the acquisition of the MR
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signal, the amount of signal available from each tissue can be manipulated, giving contrast
to the resulting images.
MR acquisition details
MRI pulse sequences can be designed to be sensitive to T1 and T2 of biologi-cal
tissues (approximate T1 and T2 values of brain tissues at 1.5T at 37 degrees are reported
in Table 3.7). Tissue separation based on T1 and T2 values is called T1 contrast and T2
contrast, and corresponding images are respectively called T1-weighted and T2-weighted.
MR images are obtained using a pulse sequence (or acquisition sequence) stored in
the computer of the scanner. For this thesis, all participants were scanned on a 1.5 Tesla
GE SIGNA NVi scanner (General Electric, Milwaukee, USA). Regardless of the manu-
facturer, acquisition sequences can be broadly subdivided into two categories, called spin
echo (SE) and gradient echo (GE). A 3D Spoiled Gradient Recalled sequence (SPGR),
was used for the acquisition of T1-weighted data, and a single-shot echo-planar sequence
(SS-EPI), a fast type of SE sequence, for the acquisition of diffusion-weighted data. Im-
ages are often classified as ‘T1-weighted’ or ‘T2-weighted’ depending on which of the
relaxation times has the greatest effect on image intensity. T1-weighted images are char-
acterised by a short relaxation time (TR) and echo time (TE); in the three-dimensional
SPGR sequence this T1-weighting is further enhanced by an initial 180◦ preparation
pulse, which inverts the longitudinal magnetisation, so that the signal in the image is
heavily dependent upon how much of the magnetisation has recovered (relaxed from −z
to +z) at the point at which acquisition commences. T1-weighting allows fluids (that ap-
pear dark) to be distinguished from tissues with fluid component (grey) and with lipidic
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component (bright). The excellent contrast of these images makes it possible to see the
boundaries between different tissues and makes T1-weighted imaging the best imaging
choice for the reconstruction of the cortical morphology. The details of the acquisition
sequence did not differ for twins and UHR (see Table 3.8 for more details).
Table 3.8: Acquisition details for T1-weighted scans.
Parameter Value
FOV 20 x 20 cm
Acquisition/ Reconstruction matrix 256 x 256
Slice Thickness / Gap (mm) 1.5 / 0
Reconstructed voxel size 1 x 1x 1.5 mm3
Number of contiguous slices 124
Slice Acquisition Order Interleaved
Orientation Coronal
Pulse Sequence 3D SPGR
Coil quadrature birdcage head coil
Flip angle Flip angle 30◦
TR 35 ms
TE 5 ms
A commonly used pulse sequence for diffusion-weighted MRI of the brain is the
single-shot echo planar imaging (EPI) sequence with spin-echo excitation. The diffusion
preparation of EPI sequence is similar to that for a conventional spin-echo sequence and
in its simplest form consists of imposing a linear magnetic field gradient by the insertion
of two diffusion gradients into the pulse sequence (see Fig. 3.6 a). Since the Larmor fre-
quency of the spins is proportional to the magnetic field strength, after the first diffusion
gradient, spins at different positions will dephase because they will precess with different
Larmor frequencies. In the absence of water diffusion (see Fig. 3.6 b), spins remain at
their initial position, so the second diffusion gradient (placed after the 180o pulse, and
therefore effectively with an opposite sign) that exactly compensates the effect of the first
one and rephases the spins. Hence, without diffusion, the signal after the application of
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the pair of diffusion gradients is the same as before (neglecting relaxation effects due to
the longer echo time needed to apply the gradients). In the presence of water diffusion
(see Fig. 3.6 c), spins will move be-tween the application of the first and second gradient;
therefore the second diffusion gradient cannot completely compensate the effect of the
first one. Hence, rephasing is incomplete after the second diffusion gradient, resulting
in diffusion-dependent signal attenuation. The larger the diffusivity the larger the signal
attenuation. More precisely, the signal attenuation depends exponentially on the diffusion
coefficient (D), in the direction defined by the diffusion gradient.
Figure 3.6: Diffusion weighting using bipolar diffusion gradients. A. The diffusion gradients (or-
ange) generate a spatially varying magnetic field and therefore a spatially varying
Larmor frequency. The first diffusion gradient dephases in this picture three spins
(red, green and blue arrows). B. In the absence of diffusion, the second diffusion
gradient with opposite sign rephases the spins. C. In case of diffusion, rephasing
is incomplete since spins have moved between the first and second gradient and
diffusion-dependent signal attenuation is generated (grey arrows).
Diffusion-weighted data are images whose signal intensity in each pixel is largely de-
pendent of the diffusion of water molecules. The acquisition of diffusion-weighted data
requires a MRI pulse sequence in which two (or more) magnetic field gradients, the dif-
fusion gradients,are applied between the moment of MR excitation and the moment of
MR signal collection (readout). During the interval of time between the application of
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these gradient pulses, ranging between 30-80 ms, the magnitude of the MR signal is pro-
portionally reduced (or weighted) to the amount of water diffusion in each pixel of the
image. Water diffusion is a three-dimensional process that, in tissues, may be different in
different directions. The presence, or absence, of obstacles to water diffusion influences
the degree and direction of movement of water molecules; if no barriers exist it is said to
be ‘free’, while in the presence of barriers diffusion is ‘hindered’ or ‘restricted’. Isotropy
is a term that refers to equal diffusion in all directions, while anisotropy is a term used
to indicate diffusion occurring preferentially along one axis while being more restricted
along all other directions. Water diffusion in ventricles is essentially free, and isotropic
whereas in the grey matter it is more restricted (but still relatively isotropic) and in white
matter is anisotropic (i.e. restricted to differing degrees in different directions). Diffusion
anisotropy can be imaged using rapid MRI pulse sequences, such as echo-planar imaging
(EPI), to collect diffusion-weighted images with the diffusion sensitisation gradients ap-
plied in several directions (at least six directions) along with one or more images acquired
without diffusion weighting (b=0) (Le Bihan et al., 2001). This allows the calculation of
the diffusion tensor (Basser et al., 1994). As discussed in more detail in Chapter 2, from
the diffusion tensor, it is possible to derive a number of parameters associated (to some
extent) with properties of tissue microstructure and architecture at voxel level. The first
measure, fractional anisotropy (FA), reflects the degree of anisotropy in tissues. The diffu-
sivity along axons provides complementary information regarding white matter structure.
The axial (parallel) diffusivity corresponds to the amount of diffusion measured along the
direction of principal diffusion, while the radial (perpendicular) diffusivity corresponds
to the average diffusion in the perpendicular plane. In addition, again as discussed in
Chapter 2, the diffusion tensor can be used to reconstruct the putative trajectories of white
matter tracts between different parts of the brain.
The DTI sequence used in this thesis consisted of a cardiac-gated SS-EPI sequence,
a very fast SE sequence that produces T2-weighted images. Full details are reported
in Table 3.9. At each scan location 7 images without diffusion gradients were acquired
together with 64 diffusion-weighted images (b=1300 s.mm−2) with diffusion sensitisa-
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tion directions distributed over a (hemi-)sphere. The sequence was optimised to acquire
images within approximately twenty minutes, a time that was arbitrarily considered clin-
ically acceptable (Jones et al., 2002). The acquisition sequence for UHR and twins was
identical.
Table 3.9: Acquisition details for DTI scans.
Parameter Value
FOV 24 cm2
Acquisition / Reconstruction matrix 96 x 96 / 128 x 128
Slice Thickness / Gap (mm) 2.5 / 0
Reconstructed voxel size 2.5 mm3
Number of contiguous slices 60
Slice Acquisition Order Interleaved
Orientation Transverse (AC-PC aligned)
Pulse Sequence SE-EPI




Amplitude of diffusion gradients max 40 mT/m
Number of DW / non-DW measurements 64 / 7
Gradient Scheme Jones - electrostatic repulsion
Gating PG (15ms delay)
TR (60 bpm) 15 times RR interval
TE 107 ms
Intensity non-uniformity artefacts and its correction
MR images are often corrupted by an intensity non-uniformity artefact, known as the
‘bias field’, arising from inhomogeneities in the RF field (see Figure 3.7). This kind of
artefact is barely visible on visual inspection of data and has little impact on the qualitative
evaluation of images. However, as quantitative methods such as Freesurfer rely on the as-
sumption that a given tissue is represented by similar voxel intensities throughout the data,
in the absence of an adequate uniform intensity, the performance of the intensity-based
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operations is likely to be erroneous. Correcting or mitigating this non-uniformity is thus
critical for the use of quantitative MRI analysis. Several techniques have been proposed to
correct non-uniformity of MRI images (Belaroussi et al., 2006; Vovk et al., 2007). A pop-
ular software for the non-uniformity correction is the Non-parametric Non-uniform In-
tensity Normalisation (N3; http://www.bic.mni.mcgill.ca/software/N3/)(Sled
et al., 1998) and the FMRIB’s Automated Segmentation Tool Brain Segmentation and
Bias Field Correction (FAST; http://www.fmrib.ox.ac.uk)(Zhang et al., 2001). N3
is implemented in FreeSurfer whereas FAST is part of a separate software library. I was
able to evaluate both software packages, as they are publicly available and can be run on a
workstation or laptop. Non-parametric Non-uniform intensity Normalisation (N3) (Sled
et al., 1998) is a semi-automatic method for bias correction of MRI volumes. N3 estimates
a Gaussian distribution of the true scan intensities (not corrupted by non-uniformity) and
uses this distribution and the original non-uniform scan to calculate the non-uniformity
field. The non-uniformity field is then smoothed and the smoothed estimate is then re-
moved from the original scan. This process is repeated until the non-uniformity estimate
has converged. N3 requires the selection of smoothing parameters, the distance between
basis functions, the noise term in the deconvolution filter (to calculate the Gaussian distri-
bution of the true scan intensities), and the FWHM of the deconvolution kernel. As sug-
gested by the developers of N3 I used a brain mask because supplying this can enhance the
performance of this method. I chose (mni_icbm152_t1_tal_nlin_sym_09c_mask.nii) be-
cause it is freely available at http://www.bic.mni.mcgill.ca/ServicesAtlases/
ICBM152NLin2009 and has been previously reported to give the best results on 3T MRI
images of the brain by Boyes et al. (Boyes et al., 2008). I adjusted the default setting of
N3 in order to evaluate the best settings for our SPGR data. After a qualitative inspection
of the results on 10 subjects:
1. I chose to reduce the distance over which the field varies from 200 (default values)
to 50 mm because smaller spline smoothing distances have been shown to improve
uniformity of SPGR data (Boyes et al., 2008).
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2. The width of deconvolution kernel used to sharpen histogram was set to the smallest
value allowed (fwhm=0.05) in order to give the greater accuracy achievable.
3. A visual inspection of the results showed that the best results were achievable by
using 300 iterations. Increasing the number of iterations further meant increasing
the computing time without substantially improving the uniformity of data.
An example of bias correction using N3 is displayed in Figure 3.8. I also evaluated
FAST (see Figure 3.9 for an example of the results). This software tool uses a hidden
Markov random field (HMRF) to model the density function of the pixel intensity and an
Expectation-Maximisation algorithm to estimate the intensity distribution of the image.
After visually comparing the results of the two methods, I chose to use FAST (Zhang
et al., 2001) because it appeared to create sufficiently uniform images using default set-
tings and did so more quickly than N3.
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Figure 3.7: Example of inhomogeneity in one subject taken from the UHR sample. In this, the
original image (prior bias correction) is presented using a spectral colour map to
better visualise the image inhomogeneity. The non uniform distribution of red voxels
shows the inhomogeneity in this image.
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Figure 3.8: Results of bias correction using N3 on the subject shown in the previous image. In
this picture a spectral colour map is used to better visualise the change. Note that,
compared to Figure 3.7, in the corrected image the intensity of the white matter is
more uniform (with less red areas).
80
Figure 3.9: Results of bias correction using FAST on the same subject as in Figure 3.7. In this
picture a spectral colour map is used to better visualise the change. Note that, com-
pared to Figure 3.7, in the corrected image the intensity of the white matter is more
uniform (less red areas).
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Eddy currents, subject motion and B-matrix rotation
During the acquisition of diffusion-weighted images, gradients need to be turned on
and off quickly. This generates eddy currents in the magnet, which in turn creates ad-
ditional (unwanted) magnetic field gradients, which lead to image distortion. As these
distortions vary depending on the direction of the diffusion encoding gradient used, the
71 separate image volumes which constitute each DTI dataset do not perfectly align with
each other. Subject motion within the scanner can lead to additional differences between
the volumes, and if uncorrected these two effects can cause artefact in the estimation
of the diffusion tensor. Correction can be achieved by simply registering the individual
volumes to each other, but an important step in realigning the diffusion weighted (DW)
images is also to reorient the corresponding information regarding the diffusion gradient
direction (B-matrix) so that this is correctly preserved after the correction (Leemans and
Jones, 2009). Motion and eddy current correction was carried out using FSL (Smith et al.,
2004) in the whole brain analyses described in chapter 4, and ExploreDTI (Leemans et al.,
2009) in the tractography study of the anterior thalamic radiation described in chapter 5.
3.4 Imaging data management and software choice
Given the large amount of imaging and clinical data, careful data management and
software choice were of paramount importance. The advantage of proper data manage-
ment is that information is more accessible for future research, which therefore can de-
velop more rapidly and can be revisited and reused in different ways to the original inten-
tion. Correctly implemented data management allowed me to explore multiple methods of
analysis. Data management needs to be approached in the context of the intended usage,
and in particular of the software to be used for the analyses. The datasets I used in this
thesis were initially stored in a range of formats and a number of locations: on the UNIX
servers of the Institute of Psychiatry, and on magneto-optic discs and tapes. I therefore
(re-)saved all the available raw data on an external hard drive and backed this up on a
second separate external hard drive. When planning this work, I tested several software
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tools and chose the following:
• FSL1 for image processing and realignment;
• Camino2 and dti-tk3 for high-dimensional realignment of DTI data;
• XBAM4 for non-parametric whole-brain analysis of DTI data;
• Matlab5 and ExploreDTI6 for probabilistic tractography;
• Freesurfer7 , MINC tools8 and Matlab for cortical thickness and gyrification analy-
sis.
I wrote bash shell scripts to automate the usage of software, move and convert data from
raw to the appropriate data format to be used by different computer programs. Finally, I
integrated my scripts with the existing processing pipeline at our institution. This allowed
a systematic analysis of data and reduced the chances of clerical errors. Power analysis
was carried out using Gpower9. Clinical data were anonymised and stored in spread-
sheets. Statistical analysis was carried out using SPSS10 or Stata11 . Conversion between
file format was made using StatTransfer12 .
3.5 Ethical approval
The analysis of imaging and clinical data from both samples was conceived from the
time of the acquisition, so the ethical approval of the Joint South London and Maudsley










10IBM Corp. Released 2012. IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp.
11StataCorp. 2011. Stata Statistical Software: Release 12. College Station, TX: StataCorp LP.
12www.stattransfer.com
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REC) was obtained following a standard procedure by recruitment teams. The Joint
SLAM/IOP NHS REC is an appointed NHS Research Ethics Committees of the South
East London Strategic Health Authority. All data were anonymised.
3.6 Image analysis
Analysis of DTI data in UHR subjects and twins
Voxel-brain analysis
Whole brain analysis of both DTI datasets (UHR subjects and twins) was carried out
using the same methods and included the following steps:
Image pre-processing Images were corrected for head movement and eddy currents,
and skull-stripped, using FSL (http://www.fmrib.ox.ac.uk/fsl/). The 6 elements
of the diffusion tensor were calculated for each voxel using linear regression (Basser
and Pierpaoli, 1996). FA was calculated and data from all subjects realigned to the bi-
commissural line of a target image (chosen from the study participants) using an affine
followed by nonlinear registration. The nonlinear transformation was then applied to
each tensor component and the warped components were recombined into a single tensor
file. In order to allow for the effects of this reorientation, the local tensor orientation was
adjusted using the ‘Preservation of Principal Direction’ algorithm implemented within
Camino (http://cmic.cs.ucl.ac.uk/camino). Finally, realigned diffusion tensor
images of all subjects were used to create a population-specific template to which each
subject’s images were then (re-)normalised; this final stage of processing was performed
with the ‘dti-tk’ toolkit (http://www.nitrc.org/projects/dtitk) and is described
in more detail below.
Population-specific template creation A template was created from our study cohort
(patients and controls) in order to avoid the bias associated with using a standard template
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from a normal population, which is not representative of our study group. The population-
specific template was generated from tensor images, rather than scalar images such as FA,
using an unbiased diffeomorphic method (Zhang et al., 2007a). Whole tensor-based reg-
istration was chosen over FA-based registration because this approach has been reported
to align white matter regions better than scalar-based registration methods (Wang et al.,
2011; Zhang et al., 2007a). Additionally, templates for FA, axial and radial diffusivity
were calculated from the final tensor template (Basser and Pierpaoli, 1996).
Normalisation to the population-specific template Images were normalised to the
population-specific tensor template using a high-dimensional approach (Zhang et al.,
2007a). FA, axial and radial diffusivity maps were calculated (Basser and Pierpaoli,
1996). Finally, the International Consortium for Brain Mapping white-matter labels atlas
(ICBM-DTI-81) (Mori et al., 2008) was registered to the three population-specific tem-
plates (FA, axial and radial diffusivity) using an affine followed by a nonlinear registration
and used as brain mask to restrict subsequent analyses to white matter only. There was
no automatic way of processing DTI data according to the protocol described above, so
I created and tested a pipeline implementing these procedures using a range of different
tools and software packages. This involved working with, and converting between, the
different image data formats (UNC, Nifti, Analyze) used by the different software pack-
ages (FSL, Camino, dti-tk), and also handling diffusion-specific issue. (For instance, FSL
stores the six independent matrix components using an ‘upper triangular’ order rather than
the ‘lower triangular’ order specified in the NIfTI standard used by dti-tk and these soft-
ware packages use different physical diffusivity units). Having dealt with all these issues,
I then created a pipeline of scripts implementing the desired analysis steps, to allow the
automatic processing of data. I verified the correctness of each step on a small number of
datasets, and cross-checked the results against those from more conventional processing,
before running the complete dataset though the final pipeline.
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Group mapping analysis The main analysis of the data was performed using XBAM
v4, a software package developed at King’s College London, Institute of Psychiatry
(http://brainmap.co.uk) which implements a non-parametric approach based on per-
mutations to minimise assumptions of data normality and which is based on median statis-
tics to control for outlier effects. Relative to parametric analyses, the non-parametric
approach has the additional advantage of allowing test statistics incorporating spatial in-
formation such as 3D cluster mass (the sum of supra-threshold voxel statistics), which
are generally more powerful than other possible test statistics but for which no parametric
approximation is known.
Design paradigm used for UHR sample For the cross-sectional analysis, between-
group differences in the DTI indices of interest (FA, parallel and perpendicular diffusivity)
were estimated by fitting an analysis of variance (ANOVA) model at each voxel, whereas
for the longitudinal analysis, data were analysed using a non-parametric repeated-measures
analysis of variance. To test for the interaction between group and time between scans,
a series of non-parametric factorial analyses of variance were used. For each analysis,
a voxel-level significance threshold within XBAM was initially set to 0.05 to give max-
imum sensitivity and to avoid type II errors, and voxels where non-parametric testing
of the model gave evidence for rejection of the null hypothesis were highlighted. 3D
spatial clusters generated from the voxels thus highlighted were then subject to more rig-
orous statistical testing of their cluster mass. At this stage, a cluster-mass threshold was
computed from the distribution of cluster masses in the permutated data, such that the ex-
pected number of type I error clusters under the null hypothesis was less than one over the
whole brain. Finally, as multiple group-wise analyses tests were performed on the three
diffusion indices, results of the cluster analyses were corrected for multiple comparisons
in order to further control for false positives. As the population-specific tensor template
was not in the MNI space, significant clusters were warped into the standard MNI space.
Scalar image templates were co-registered to the IIT2 DTI brain template (Zhang et al.,
2010) using an initial affine registration followed by a nonlinear registration. The trans-
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formations so calculated were then applied to the group mapping results. The most likely
anatomic localisation of each cluster highlighted was finally determined by reference to
the IIT2 DTI brain template in the spatial coordinates of the ICBM-152 brain template
(Zhang et al., 2010).
Design paradigm used for twin sample I divided the sample on the basis of zy-
gosity and concordance for schizophrenia as follows: (1) MZ concordant ill; (2) MZ
discordant ill; (3) DZ discordant ill; (4) MZ discordant well; (5) DZ discordant well;
(6) MZ/DZ controls. The Jonckheere-Terpstra test for ordered alternatives (Jonckheere,
1954; Terpstra, 1952) was then used to test the null hypothesis that FA does not differ be-
tween the six groups of twins. In order to reject the null hypothesis, the median FA values
would have to present a monotonic decrease in an orderly fashion, i.e. the patients’ groups
would be expected to have the lowest FA values compared to the unaffected MZ co-twins
from discordant pairs, followed by the and DZ co-twins from discordant pairs, followed
by the MZ/DZ control twins (MZ concordant ill = MZ discordant ill = DZ discordant ill
< MZ discordant well < DZ discordant well < MZ/DZ controls). However, in this model
between individuals the dependency among twin-pairs is not taken into consideration. In
order to increase sensitivity and control for the effect of multiple statistical comparisons,
the FA maps were analysed at the voxel and cluster-level. At the voxel-level, the signif-
icance threshold was set to a value of p=0.05 to provide maximum sensitivity and avoid
type II errors. This procedure resulted in a set of supra-threshold voxel clusters, corre-
sponding to regions of white matter where the Jonckheere-Terpstra test rejected the null
hypothesis. The sum or ‘mass’ of supra-threshold voxel statistics was computed for each
cluster and tested, by permutation, for significance. Cluster maps were then thresholded
in such a way as to obtain less than one false positive cluster per map. A permutation
strategy was employed to estimate p-values with minimal assumptions. The probability
threshold was derived from a null distribution sampled by the appropriate permutation of
observations. As FA is known to vary with age (Kochunov et al., 2011), age was consid-
ered a potential confounder of the group effects on FA and was included in the model to
87
adjust group effects for confounder differences. White matter labels of the ICBM tem-
plate (Mori et al., 2008) were warped to the population-specific tensor template using a
nonlinear registration strategy. The most likely anatomic localisation of the results is re-
ported with reference to the resulting labels in the native space. Group differences in FA
first identified in the VBM analysis were further verified post-hoc within a generalised es-
timating equations (GEE) framework using regression analyses. GEE was chosen, firstly,
because it takes into account the intrinsic non-independence of twin data. Secondly, GEE
uses a robust method for the calculation of standard errors (Huber-White sandwich es-
timator), useful when data do not follow a normal distribution or the sample size is not
large enough. This provides correct parameter estimates and yields unbiased P values.
Tractography analysis
Images were corrected for distortions caused by eddy current and for subject motion
by realigning the diffusion-weighted images to the images without diffusion gradients us-
ing the Elastix software tool (Klein et al., 2010). During the correction of distortion due
to subjects’ motion, data were transformed into Montreal Neurological Institute (MNI)
space. As the images were reoriented from the native space into the standardised space,
the diffusion gradients were then adjusted with an appropriate B-matrix rotation (Lee-
mans and Jones, 2009). The diffusion tensor model was fitted using a robust estimation
of tensors by outlier rejection (RESTORE) (Chang et al., 2005). Although the chance
of artefacts due to cardiac pulsation in our data were low given that DTI acquisition was
carried out using cardiac gating, other sources of sporadic artefacts, such as spike noise
(Chavez et al., 2009) or bulk motion, cannot be excluded. The algorithm for outliers re-
jection proposed by Chang et al. was chosen because it allows various artefacts to be
excluded from contributing to the estimation of the tensor (Chang et al., 2005). Tractog-
raphy is a technique that aims to reconstruct fibre pathways from voxel measurements of
the fibre orientation. Deterministic tractography traces a streamline by following the prin-
cipal diffusive direction (principal eigenvector) in each voxel. Deterministic tractography
produces only one reconstructed projection per seed point. However, even after accurate
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acquisition, noise and other artefacts may bias determination of the principal direction
of diffusion and generate erroneous trajectories. The uncertainty information (or ‘prob-
ability’) that can be assigned to a particular trajectory, in the form of orientation density
function (ODF), is incorporated into probabilistic tractography methods (Behrens et al.,
2003; Parker and Alexander, 2003, 2005; Parker et al., 2003). There are several ways to
calculate this probability. For instance, one of most popular probabilistic methods esti-
mates the probability of a trajectory as the number of times it is reconstructed in a Monte
Carlo random walk (Behrens et al., 2003; Parker et al., 2003). These probabilistic meth-
ods have been criticised because they require assumptions about sources of uncertainty in
the data (Jones, 2008). In this thesis, I used a probabilistic fibre tracking method based
on wild bootstrap calculation of the uncertainty information (Jones, 2008). Compared to
other probabilistic methods, wild bootstrapping has the advantage of being independent
from a priori assumptions about sources of uncertainty, because the uncertainty is cal-
culated directly from data and assigned to the trajectories reconstructed by tractography
algorithm (Jones, 2008). Probabilistic wild bootstrap tractography was performed with
the ExploreDTI (Leemans et al., 2009) software package (www.exploredti.com). Seed
point resolution was 2 × 2 × 2 mm3, with FA threshold of 0.2, a maximum deflection
angle of 30◦ and 1000 bootstrap. For the analysis in this thesis, I chose to isolate tra-
jectories corresponding to the anterior thalamic radiation (ATR), a tract interconnecting
the frontal lobe and thalamus. This tract is thought to be affected in individuals with an
increased risk of psychosis (Munoz Maniega et al., 2008; Zuliani et al., 2011) and in the
whole brain analysis of the UHR sample (See Chapter 4). For reconstruction of the ATR,
a two-regions-of-interest approach was used. This method allows the visualisation of tra-
jectories of fibres passing through two regions (using the ‘AND’ operator) or not passing
through another region of the brain (using the ‘NOT’ operator). The first ROI was placed
in the thalamus and the second one in the frontal lobe. ExploreDTI allows the use of
ROIs in the MNI space for tractography. I chose this ROI placement in the MNI space
over manual drawing in order to reduce subjectivity in fibre tracking. All ROIs were
drawn on fractional anisotropy maps. For all participants in the study, I used the same
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number and criteria for ROI placement. Once the trajectory of ATR was outlined, the
mean fractional anisotropy and the axial and radial diffusivity of the ATR were calculated
for all subjects and entered into SPSS or Stata software for statistical analysis.
Cortical morphology (gyrification and thickness) analysis
Image processing Cortical surface was reconstructed from the T1-weighted images in
native space using the FreeSurfer software package (http://surfer.nmr.mgh.harvard.
edu) according to the method proposed by Fischl, Dale et al. (Dale and Sereno, 1993;
Dale et al., 1999; Fischl and Dale, 2000; Fischl et al., 1999, 2001, 2002, 2004a,b; Han
et al., 2006; Jovicich et al., 2006; Segonne et al., 2004). Non-Uniform intensity nor-
malisation was carried out using FAST (Zhang et al., 2001). The cortical reconstruction
process was supervised and corrected when necessary. Nearly all the images required
some manual intervention to improve the skull stripping using the command ‘mri_gcut’
(Sadananthan et al., 2010) and a manual intensity correction. In order to manually cor-
rect the intensity normalisation procedure, multiple control points were added on axial
and coronal planes at the level of the temporal and frontal lobes bilaterally. Finally, in a
minority of cases, the editing of pial surface was required in order to remove dural tis-
sue that could be mistaken for cortical rim by Freesurfer. This was carried out on the
most anterior coronal MRI slices by removing the dural tissue between the temporal and
frontal lobes. The reconstruction procedure was repeated until accurate white and grey
surfaces were obtained. Cortical surface was then parcellated into 32 regions and gyri
and sulci were then automatically labelled according to the Desikan parcellation scheme
(Desikan et al., 2006). I then calculated two parameters of interest: cortical thickness
and index of gyrification (L-GI). Cortical thickness values were automatically estimated
on a vertex-by-vertex basis as the distance between the white matter (grey-white bound-
ary surface) and grey matter (grey-cerebrospinal fluid boundary surface) cortical surface
(Dale et al., 1999). The accuracy of the thickness measured with this method has been
validated against post-mortem (Rosas et al., 2002) and manual measurements (Kuper-
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berg et al., 2003). The 3D local gyrification index (L-GI), a measure of gyrification,
was automatically calculated at each vertex of the pial surface (Schaer et al., 2008). The
protocol for the automatic calculation of L-GI requires the creation of an outer ‘hull sur-
face’, tightly adherent to the pial surface, and of circular regions of interest (ROIs) on
both the outer hull surface and the pial surface. The 3D LGI is then estimated as the
ratio between corresponding ROIs on the pial and outer smoothed surfaces. Vertex-based
measures of surface area were also estimated as the average of the area of the triangles
‘sharing’ that vertex (see Figure 3.10). Prior to statistical analysis, a kernel with a 10-
mm width was used to smooth the maps of gyrification and cortical thickness to increase
the signal-to-noise ratio of images and improve the sensitivity to detect cortical changes.
According to the matched filter theory (Pratt, 1991), the optimal smoothing extent should
be tailored to the expected size of changes. However, the extent of cortical thickness and
gyrification changes varies considerably across studies. As there is no objective crite-
rion that may a-priori guide the choice of the optimal value (Bernal-Rusiel et al., 2010),
I chose a relatively low kernel size. Between-group differences in cortical gyrification
and thickness were estimated using t-tests and performed using the SurfStat package
(http://www.math.mcgill.ca/keith/surfstat/) in Matlab (R2012; MathWorks).
Each group comparison was entered into a vertex-by-vertex general linear model (GLM)
including age and total surface area as covariates. Subsequently, corrections for multi-
ple comparisons across the whole brain were performed using random field theory-based
cluster analysis (Worsley et al., 1996). The level of significance for vertex level tests was
set to a threshold of p < 0.05; only supra-threshold and contiguous vertices were consid-
ered in the cluster level analysis and a (2-tailed) p-value of p < 0.05 was used as cluster
significance threshold. Results were automatically labelled with reference to the cortical
parcellation atlas proposed by Desikan, which is available within the Freesurfer package
(Desikan et al., 2006).
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Figure 3.10: Illustration of the different steps for GI computation (Image obtained from refer-
ence 62 with permission). In the upper row, the creation of the outer region of in-
terest ROI is shown on the outer surface (red); in the lower row, the creation of the
pial region of interest ROIP on the pial surface (blue) is illustrated. In (a), a sphere
S (vi; r) centered on vi of radius r=25 mm is plotted on the outer surface (red). The
intersection between the outer surface S O and the sphere defines the outer region of
interest ROIO (b in blue). The perimeter of the ROIO is delineated in blue in (c). In
(d), the points of the pial surface (blue) corresponding to the ROIO perimeter are
highlighted in red. Linking of these points is achieved through the geodesic path
between them, resulting in the ROIP perimeter (in red, in e). The faces of the pial
mesh enclosed by the ROI perimeter define the pial region of interest. Finally, the
GI value attributed to the vertex vi (b, red point) is computed as the ratio of the
areas of both corresponding regions of interest.
3.7 Statistical analysis of clinical and demographic data
UHR sample Group-wise measures of clinical and socio-demographic variables were
analysed using one-way analysis of variance (ANOVA), t-test and chi-square test where
appropriate (PASW 18, SPSS Inc, Chicago, Illinois). When significant differences were
found, the Tukey’s honestly significant difference (HSD) test for pairwise comparisons
was applied. Before statistical tests, the data were checked for assumptions of normality
and equality of variances. If these assumptions were violated, the Mann-Whitney U Test
was used. Twin sample Group differences in demographic variables were also assessed
using linear regression models with robust standard errors or by logistic regression with
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robust standard errors according to the nature of the data. Statistical analyses were carried
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In the present chapter, I am going to assess the question of whether there are white
matter structural abnormalities that may predispose an individual to the development of
schizophrenia and whether white matter abnormalities may reflect a familial vulnerability
or other factors related to the illness or the environment. I will do so using a voxel-
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based analysis of DTI data. The analysis of DTI data in the UHR sample allows me
to test the hypothesis that white matter changes may predate the onset of psychosis and
that white matter changes in the brains of UHR individuals who later have developed
psychosis worsen as the disease progresses. The analysis of the twin dataset offers the
unique opportunity to check if any of the white matter changes in individuals at risk of
schizophrenia may reflect a familial predisposition or other factors related to the environ-
ment or disease-specific.
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4.1 Whole brain analysis in the UHR sample
Introduction
Functional neuroimaging studies support the notion of an altered functional connec-
tivity between different brain regions in schizophrenia (McGuire and Frith, 1996), and
have shown that this is evident at the first episode of illness and in people at ultra high
risk (UHR) of developing psychosis (Benetti et al., 2009; Crossley et al., 2009). Sim-
ilarly, growing evidence from structural neuroimaging studies has indicated global and
regional changes in white matter (WM) volume in schizophrenia (Bora et al., 2011), that
are also evident at the onset of psychosis (Chua et al., 2007) and in UHR subjects (Wal-
terfang et al., 2008). The ‘at risk mental state’ (ARMS) refers to symptoms and signs that
are associated with a very high risk of psychosis; 25-40% of UHR individuals develop
a first episode of psychosis within 24 months (Broome et al., 2005; Fusar-Poli et al.,
2011a). This subgroup of UHR individuals show decreased grey matter volume in the
inferior frontal (Borgwardt et al., 2007; Pantelis et al., 2003) and medial temporal cortex
(Mechelli et al., 2011) at onset of psychosis compared to UHR individuals who do not sub-
sequently develop psychosis. There is evidence that baseline MRI abnormalities progress
as subjects make the transition from the high-risk to the psychotic state (Borgwardt et al.,
2008; Pantelis et al., 2003), and that these longitudinal changes are not detected in UHR
subjects who do not become psychotic. However, it remains unclear whether these grey
matter changes are related to alterations in white matter microstructure. Several DTI
studies have shown reduced white matter fractional anisotropy in chronic schizophrenia
(Kanaan et al., 2005), particularly in tracts connecting the frontal and temporal lobes
(Ellison-Wright and Bullmore, 2009; Kanaan et al., 2005), as well as in first episode psy-
chosis (Cheung et al., 2008; Gasparotti et al., 2009; Perez-Iglesias et al., 2010a). The few
available DTI studies in UHR subjects are limited to cross-sectional comparisons and re-
ported inconsistent results (Peters et al., 2010). Peters et al. detected a reduced FA in the
WM of the frontal lobe (Peters et al., 2009), while Karlsgodt et al. found a reduced FA
in the superior longitudinal fasciculus (Karlsgodt et al., 2009). In a different paper, Peters
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et al. (Peters et al., 2008) used tractography to investigate fractional anisotropy in the
uncinate and arcuate fasciculi, cingulum bundle and corpus callosum, but did not find any
differences between UHR and controls (HC). Bloemen et al. subdivided UHR subjects on
the basis of their clinical outcome and showed that UHR subjects who later became psy-
chotic had lower left frontal WM FA at presentation of symptoms than healthy controls;
this WM region included the anterior thalamic radiation and the inferior fronto-occipital
fasciculus (Bloemen et al., 2010). Compared to UHR subjects who did not become psy-
chotic, UHR subjects who later became psychotic also had lower FA in the WM lateral
to the right putamen, and in the left superior temporal gyrus, but higher FA in the left
posterior temporal WM (Bloemen et al., 2010). To date, however, there have been no
longitudinal DTI studies in UHR subjects. Hence, it is unknown the extent to which WM
changes in FA may progress with the subsequent onset of psychosis.
The aim of the present chapter is to assess the WM FA in individuals at UHR for
psychosis, using both cross-sectional and longitudinal analyses. Two main hypotheses
are tested:
Hypothesis 4.1. A) Relative to controls, UHR individuals will show qualitatively sim-
ilar white matter abnormalities to patients in the first episode of psy-
chosis, but B) that the magnitude of these abnormalities will be less
severe.
Hypothesis 4.2. A) Within the UHR group, individuals who later developed psychosis
will show more pronounced abnormalities at baseline than those
who did not, and B) these abnormalities will progress longitudinally
as they make the transition to psychosis.
To date, DTI studies in subjects at increased risk of psychosis have focused on mea-
suring FA (Peters:2010gs). A subsidiary aim of the present analysis is also the assessment
of white matter in UHR subjects using measures of radial, axial and mean diffusivity. I
have therefore analysed radial, axial and mean diffusivity in order to investigate which of
these have driven any FA changes in UHR subjects.
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Methods
Demographic and Clinical Variables
Table 3.1 presents a summary of demographic and clinical variables. Eight UHR sub-
jects (25%) developed psychosis (UHR-P) subsequent to baseline (See Figure 4.1). The
investigator (James Woolley) contacted all the subjects who had been scanned at base-
line to ask them to be re-assessed and scanned. Some of them were not contactable and
others declined the offer. Five of this UHR-P subgroup were re-scanned after the onset
of psychosis, along with 17 (of the 24) UHR subjects who had not developed psychosis
(UHR-NP). Eight (25%) of the 32 healthy controls were also rescanned. The mean inter-
val occurred between the baseline and follow-up scans in the total UHR sample was 15
months (range 32), while in the UHR-P and UHR-NP subgroups it was 23.7 (range 15.8)
and 29.3 (range 32) months, respectively. The mean inter-scan interval in controls was
45.7 months (range 28 months). The inter-scan interval did not differ between the UHR-
P and UHR-NP groups, but was significantly longer in controls than in UHR subjects
(p<0.001). At the time of the follow-up scan, 77% of the UHR sample were still antipsy-
chotic naïve (and were not taking any other psychotropic medication), while 23% of them
were receiving antipsychotic treatment. Within the UHR-P and UHR-NP subgroups, the
corresponding figures were 40% and 60%, and 88.2% and 11.8%, respectively.
MRI acquisition
DTI data were acquired on a 1.5 T scanner using a cardiac-gated SS-EPI sequence
(for details see Table 4.8). At each scan location 7 images without diffusion gradients
were acquired together with 64 diffusion-weighted images (b=1300 s.mm−2).
Voxel-based analysis
A population-specific white matter atlas was created for brain morphometry using DTI
data (Zhang et al., 2007b) to which DTI images were spatially normalised (Alexander
et al., 2001; Zhang et al., 2007a,b). Between-group differences in fractional anisotropy,
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axial and radial diffusivity were evaluated using a non-parametric voxel based analysis
(Brammer et al., 1997) (described in details in chapter 3.6) and a longitudinal and cross-
sectional design. As the inter-scan interval was significantly longer in controls than in
UHR subjects, the time between scans was used as a covariate in the longitudinal analysis.
In order to allow for the potential confounding effects of correlations between the covari-
ate and independent variables, we also repeated the longitudinal analysis without covariate
adjustment (Miller and Chapman, 2001). Results were localised using the ICBM-DTI-81
white matter labels atlas (Zhang et al., 2010). Median values of FA, AD, RD and MD
were extracted from significant clusters detected by the voxel-based analysis for further,
post-hoc, investigation.
Statistical analysis of clinical and demographic data
Group-wise differences in clinical and socio-demographic variables were assessed us-
ing one-way analysis of variance (ANOVA), t-test and chi-square test where appropriate
(PASW 18, SPSS Inc, Chicago, Illinois). When significant differences were found, the
Tukey’s honestly significant difference (HSD) test for pairwise comparisons was applied.
Data were checked for assumptions of normality and equality of variances before statisti-
cal tests and, if these assumptions were violated, the Mann-Whitney U Test was used.
Results
Cross-sectional comparisons at baseline
FEP vs UHR vs HC At baseline, there were significant linear relationships in the dif-
ferences in FA across the three groups in two clusters (see Figure 4.1A and Table 4.1 for
a detailed description of the results). In both clusters, FA values were highest in controls,
lowest in the FEP group and intermediate in the UHR group (see Figure 4.1B). The first
cluster comprised voxels in regions of white matter corresponding to the splenium and
body of the corpus callosum, the left inferior and superior longitudinal fasciculus and the
left inferior fronto-occipital fasciculus (see Table 4.1 for details). The second cluster in-
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cluded the right external capsule, the retrolenticular part of the right internal capsule and
the right posterior corona radiata (see Table 4.1 for details).
Figure 4.1: Linear changes in FA across the three groups. Fig A displays areas of reduced frac-
tional anisotropy (FEP<UHR<HC); images are radiologically oriented (partici-
pant’s left is to the right). The figures B and C show differences in FA for significant
clusters.
There was a larger set of regions where there was a significant linear relationship in
mean and radial diffusivity across the groups, with it being greatest in the FEP group,
lowest in controls and intermediate in the UHR group (see Figure 4.2). A linear rela-
tionship in axial diffusivity differences was detected in many clusters (see Figure 4.3). In
some clusters, axial diffusivity was highest in the FEP group and lowest in the controls,
but in others the opposite relationship applied. Post-hoc analysis revealed that differences
in FA, mean, radial and axial diffusivities were driven by differences between the FEP
and control groups, while the differences between the UHR group and controls were not
significant. There were no FA or MD and RD clusters where the linear relationship across
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Figure 4.2: Linear changes in RD across the three groups. Fig A displays areas of increased ra-
dial diffusivity (FEP>UHR>HC); images are radiologically oriented (participant’s
left is to the right). The figure B shows differences in RD for significant clusters. Ra-
dial diffusivity is measured in 10−6 mm2/s.
Figure 4.3: Linear changes across three groups. Areas of significant axial diffusivity changes
(blue=increased axial diffusivity; yellow/red=reduced axial diffusivity). Images are
radiologically oriented (participant’s left is to the right).
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groups was in the opposite direction (e.g. fractional anisotropy highest in FEP and radial
diffusivity lowest in FEP).
Findings at baseline in UHR subjects who later developed psychosis Within the
UHR group, there were no differences in FA, mean, axial or radial diffusivity between
subjects who developed psychosis (UHR-P) and those who did not (UHR-NP). Similarly,
there were no significant differences between the UHR-P group and healthy controls.
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Table 4.1: Baseline changes
Tensor invariant Cluster size Significance Localisation
(number of voxels)
FEP vs UHR vs HC
↓ FA 215 p=0.000254
Left sagittal stratum (including the left inferior longitudinal fasciculus
and left inferior fronto-occipital fasciculus), left posterior thalamic radi-
ation (including optic radiation), retrolenticular part of the left internal
capsule, splenium and body of the corpus callosum, left superior longi-
tudinal fasciculus, left posterior and superior corona radiata
↓ FA 404 p=0.000052
Right external capsule, retrolenticular part of the right internal capsule,
right posterior corona radiata
↑ mean diffusivity 2712 p=0.000314
Left anterior, posterior and superior corona radiata, anterior limb of the
left internal capsule, retrolenticular portion of the left internal capsule,
posterior limb of the left internal capsule, left external capsule, body and
splenium of the corpus callosum, left cingulum, left fornix and stria ter-
minalis, left posterior thalamic radiation, left sagittal stratum (including
the left inferior longitudinal fasciculus and left inferior fronto-occipital
fasciculus), left superior fronto-occipital, left superior longitudinal fas-
ciculus, left uncinate fasciculus
↑ mean diffusivity 3280 p=0.000224
Right anterior, posterior and superior corona radiata, anterior limb of
the right internal capsule, right external capsule, posterior limb of the
right internal capsule, retrolenticular portion of the right internal cap-
sule, body, genu and splenium of the corpus callosum, right hippocam-
pus, right fornix and stria terminalis, right posterior thalamic radiation,
right sagittal stratum (including the right inferior longitudinal fascicu-
lus and right inferior fronto-occipital fasciculus), right superior fronto-
occipital, right superior longitudinal fasciculus, right tapetum, right un-
cinate fasciculus, left and right cingulum
↑ radial diffusivity 6320 p=0.000165
Right inferior cerebellar peduncle, bilaterally the medial lemniscus,
right corticospinal tract, middle cerebellar peduncle including the pon-
tine crossing tract, superior cerebellar peduncle, cerebral peduncle, left
uncinate fasciculus, left sagittal stratum (including the left inferior lon-
gitudinal fasciculus and left inferior fronto-occipital fasciculus), bilat-
erally the external capsule, anterior and posterior thalamic radiation,
right internal capsule, retrolenticular part of the left internal capsule,
right superior fronto-occipital fasciculus, bilaterally the posterior thala-
mic radiation, splenium and body of the corpus callosum, bilaterally the
superior longitudinal fasciculus, posterior and superior corona radiata
Continued on next page
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Table 4.1 – Continued from previous page
Tensor invariant Cluster size Significance Localisation
(number of voxels)
↓ axial diffusivity 107 p=0.000734 Middle cerebellar peduncle, left cortico-spinal tract
↑ axial diffusivity 259 p=0.000516
Right uncinate fasciculus, right external capsule, retrolenticular part of
the right internal capsule, right fornix, right sagittal stratum (includ-
ing the right inferior longitudinal fasciculus and right inferior fronto-
occipital fasciculus), splenium of the corpus callosum
↑ axial diffusivity 441 p=0.000100
Body of the corpus callosum, right cingulum, right posterior corona
radiata
FEP vs HC
↓ FA 212 p=0.000271
Left sagittal stratum (including the left inferior longitudinal fasciculus
and left inferior fronto-occipital fasciculus), left posterior thalamic radi-
ation (including optic radiation), retrolenticular part of the left internal
capsule, left superior longitudinal fasciculus
↓ FA 253 p=0.000204 Right anterior corona radiata, genu of the corpus callosum
↓ FA 245 p=0.000376
Right external capsule, body and splenium of the corpus callosum, right
posterior and superior corona radiata
↓ FA 287 p=0.000214
Body and splenium of the corpus callosum, left posterior and superior
corona radiata
↑ mean diffusivity 2660 p=0.000506
Left and right anterior corona radiata, left and right anterior limb in-
ternal capsule, retrolenticular portion of the left internal capsule, pos-
terior limb internal capsule left, external capsule left, body, genu and
splenium of the corpus callosum, left cingulum, left fornix and stria ter-
minalis, left posterior and superior corona radiata, left posterior thala-
mic radiation, left sagittal stratum (including the left inferior longitudi-
nal fasciculus and left inferior fronto-occipital fasciculus), left superior
fronto-occipital fasciculus, left superior longitudinalis fasciculus, left
uncinate fasciculus
↑ mean diffusivity 2976 p=0.000438
Cingulum right, posterior limb and of retrolenticular portion the right
internal capsule, right external capsule, fornix and stria terminalis right,
genu and splenium of the corpus callosum, posterior and superior
corona radiata right, right sagittal stratum (including the right inferior
longitudinal fasciculus and right inferior fronto-occipital fasciculus),
posterior thalamic radiation right, right superior fronto occipital, right
superior longitudinal fasciculus, tapetum right, right uncinate fasciculus
Continued on next page
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Table 4.1 – Continued from previous page
Tensor invariant Cluster size Significance Localisation
(number of voxels)
↑ radial diffusivity 2033 p=0.000470
Left sagittal stratum (including the left inferior longitudinal fasciculus
and left inferior fronto-occipital fasciculus), retrolenticular part of the
left internal capsule, posterior limb of the left internal capsule, left ex-
ternal capsule, left posterior thalamic radiation (include optic radiation),
left superior and posterior corona radiata, body and splenium of the cor-
pus callosum
↑ radial diffusivity 2160 p=0.000497
Right sagittal stratum (including the right inferior longitudinal fascicu-
lus and right inferior fronto-occipital fasciculus), right external capsule,
right anterior corona radiata, right uncinate fasciculus, right posterior
thalamic radiation (include optic radiation), retrolenticular part of the
right internal capsule, genu, body and splenium of the corpus callo-
sum, right superior and posterior corona radiata, right superior fronto-
occipital fasciculus
Longitudinal analysis There was a significant group (UHR-P versus UHR-NP) by time
(baseline versus follow-up scan) interaction on FA in a cluster spanning the anterior limb
of the left internal capsule (ALIC), body of the corpus callosum, left superior corona ra-
diata and left superior fronto-occipital fasciculus (p=0.0009). In this cluster, there was a
longitudinal reduction in FA in the UHR-P group, but a slight increase in the UHR-NP
group (see Figure 4.4), although these within-group changes were not themselves signif-
icant. This result did not change when the ‘nuisance covariate’ of time between scans
was excluded from the analysis. There were no significant group-by-time interactions for
axial or radial diffusivity.
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Figure 4.4: Group ∗ time interaction analysis results. Fractional anisotropy map (A) indicating
the areas where there is an interaction between group membership and time between
scans. Image is radiologically oriented (participant’s left is to the right). Plot of FA
vales extracted from the significant cluster (B).
Table 4.2: Localisation and patterns of diffusion changes at baseline and in the longitudinal
analysis
Comparison and Localisation of diffusion changes
patterns of diffusion
FEP vs UHR vs HC
↓ FA, ↑ radial diffusivity only
Left sagittal stratum (including the left inferior longitudinal fasciculus and left inferior
fronto-occipital fasciculus), left posterior thalamic radiation (including optic radiation),
left superior longitudinal fasciculus, left posterior and superior corona radiata, right pos-
terior corona radiata
↓ FA, ↑ axial and radial diffusivity
Retrolenticular part of the left and right internal capsule, right external capsule, splenium
and body of the corpus callosum
FA stable, ↑ radial diffusivity only
Right inferior cerebellar peduncle, left and right medial lemniscus, right corticospinal
tract, middle cerebellar peduncle including the pontine crossing tract, superior cerebel-
lar peduncle, cerebral peduncle, left uncinate fasciculus, left external capsule, anterior
thalamic radiation, right internal capsule, right superior fronto-occipital fasciculus, right
posterior thalamic radiation, right superior longitudinal fasciculus, right posterior and su-
perior corona radiata
FA stable, ↑ axial diffusivity only
Right uncinate fasciculus, right fornix, right sagittal stratum, right cingulum, left cortico-
spinal tract
Group x time
↓ FA, axial and radial diffusivities stable
Anterior limb of the left internal capsule, body of the corpus callosum, left superior corona
radiata, left superior fronto occipital fasciculus
106
Table 4.3: Follow-up changes
Tensor invariant Cluster size Significance Localisation
(number of voxels)
UHR vs HC
↑ FA 89 p=0.000774 Middle cerebellar peduncle, left cortico-spinal tract
↑ FA 110 p=0.000360
Genu of the corpus callosum, left anterior corona ra-
diata
↓ radial diffusivity 105 p=0.000521 Middle cerebellar peduncle
↓ radial diffusivity 89 p=0.000129 Genu of the corpus callosum
↑ Axial diffusivity 183 p=0.000060 Middle cerebellar peduncle
↑ Axial diffusivity 76 p=0.000354
Genu of the corpus callosum, left posterior thalamic
radiation, body of the corpus callosum
UHR-P vs UHR-NP
↑ radial diffusivity 83 p=0.000866 Middle cerebellar peduncle
↓ axial diffusivity 87 p=0.001115 Middle cerebellar peduncle, left cerebral peduncle
↑ axial diffusivity 271 p=0.000353
Right superior and posterior corona radiata, splenium
and body of the corpus callosum
UHR-NP vs HC
↓ radial diffusivity 156 p=0.000178 Middle cerebellar peduncle
↓ radial diffusivity 99 p=0.000197 Genu of the corpus callosum
↓ axial diffusivity 158 p=0.000111 Middle cerebellar peduncle
↓ axial diffusivity 79 p= 0.000142 Genu of the corpus callosum
Cross-sectional comparisons at follow up At follow-up, there were no significant dif-
ferences in FA between the UHR subjects who had developed psychosis and the UHR
107
subjects who had not. However, there was greater radial diffusivity in one cluster in the
middle cerebellar peduncle (p<0.001), while axial diffusivity was reduced in the middle
cerebellar peduncle and left cerebral peduncle (p=0.001) but greater in the right superior
and posterior corona radiata, splenium and body of the corpus callosum (p<0.0004; see
Table 4.3 for details).
Discussion
My first hypothesis (Hypothesis 4.1) was that the UHR state would be associated with
alterations in white matter FA qualitatively similar to, but less severe than, those seen in
schizophrenia. In agreement with this hypothesis, I found that, at baseline, FA, radial,
mean and axial diffusivity values in UHR subjects were intermediate relative to those
in the first episode patients and controls. These differences were evident in regions of
white matter corresponding to the major associative fibres that connect fronto-parieto-
temporal (superior longitudinal fasciculus) and fronto-parieto-occipital regions (inferior
fronto-occipital fasciculus), commissural fibres (corpus callosum) and cortico-subcortical
pathways (corona radiata, corticospinal tract and corticopontine tract). The findings in the
superior longitudinal fasciculus (SLF) corroborated previous findings in first episode psy-
chosis (Perez-Iglesias et al., 2010a; Szeszko et al., 2005) and UHR populations (Karlsgodt
et al., 2009). My results suggest that structural abnormalities in fronto-temporo-parietal
connections are evident before the onset of psychosis, in agreement with functional con-
nectivity findings in UHR subjects (Crossley et al., 2009). These abnormalities are com-
parable to those reported in DTI studies of patients with first episode psychosis (Cheung
et al., 2008; Perez-Iglesias et al., 2010a; Szeszko et al., 2005). I also found reduced FA
in the splenium of the corpus callosum in the UHR group. A previous study in UHR sub-
jects did not find differences in this region (Peters et al., 2008), whereas reduced FA in the
splenium of the callosum has been described in some studies of first episode psychosis
(Cheung et al., 2008; Gasparotti et al., 2009).
My second hypothesis (Hypothesis 4.2) was that DTI abnormalities would be more
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pronounced in UHR subjects who later developed psychosis than in those who did not.
Contrary to Hypothesis 4.2 A, I did not detect differences at baseline between individuals
who later developed psychosis and those who did not. However, as predicted in Hypoth-
esis 4.2 B, I found a significant interaction between ‘group’ (UHR-P and UHR-NP) and
time. A post-hoc analyses of these results showed that the ‘group x time’ interaction was
driven by a longitudinal reduction in FA in the UHR-P group (Fig 4). This difference
was evident in a region that included the left anterior limb of the internal capsule (ALIC),
left corona radiata, left superior fronto-occipital fasciculus and anterior body of the cor-
pus callosum. This is the first evidence that transition to psychosis in UHR subjects is
associated with longitudinal changes in WM FA. The ALIC is a WM region traversed by
axonal fibres that reciprocally connect the thalamus to the prefrontal cortex and form part
of a circuit linking the frontal lobe and basal ganglia. My results are in agreement with
earlier findings of WM abnormalities in the ALIC (Perez-Iglesias et al., 2010a), body of
the corpus callosum (Perez-Iglesias et al., 2010a) and along the superior occipito-frontal
fasciculus (Cheung et al., 2008) of subjects at their first episode of psychosis, and obser-
vation of oligodendrocyte abnormalities in the prefrontal white matter in schizophrenia
(Uranova et al., 2004). The localisation of my findings is also consistent with those in
previous DTI studies of individuals at high genetic risk of schizophrenia (Hoptman et al.,
2008; Munoz Maniega et al., 2008).
Returning to Hypothesis 4.2 A, posed at the beginning of the study, my results show
that there were no significant differences at baseline between UHR subjects who sub-
sequently developed psychosis and UHR subjects who did not. However, a recent DTI
study by Bloemen et al (Bloemen et al., 2010) reported that, at presentation, the for-
mer subgroup had lower FA than the latter in the right putamen and left superior temporal
lobe, but higher FA in a posterior part of the left temporal lobe. A possible explanation for
this difference in findings is that they may reflect differences in the nature of the respec-
tive UHR samples, which were recruited from different catchment area populations and
through different types of clinical services. Although the total number of UHR subjects
was similar, a greater proportion developed psychosis in the previous study, which may
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have provided more power when comparing the UHT-P and UHT-NP subgroups. On the
other hand, in the Bloemen study (Bloemen et al., 2010), the proportion of UHR subjects
who had already been treated with antipsychotics was significantly greater in the UHR-
P than in the UHR-NP group, whereas at baseline all the UHR subjects in the present
study were medication-naïve. The potentially confounding effects of medication are dis-
cussed further below. The UHR subjects in the Bloemen study were also approximately
4 years younger than those I have analysed and the pattern of DTI findings in patients
who develop psychosis is thought to vary according to the age of the subject at illness
onset (Kyriakopoulos et al., 2009). A previous volumetric study of white matter in UHR
subgroups found that, at baseline, individuals who developed psychosis (UHR-P) differed
significantly from subjects who did not (UHR-NP) (Walterfang et al., 2008). There are
several possible explanations for this discrepancy in findings relative to those of my own
study. These inconsistencies may be explained by methodological differences between the
present study and the one by Walterfang et al. (Walterfang et al., 2008). Another possible
explanation for this might be that the pathophysiological processes underlying white mat-
ter volume changes in psychosis may not be reflected by changes in fractional anisotropy
(Chan et al., 2010). My results suggest that further research is needed to understand how
volumetric and diffusion changes relate to each other in UHR individuals.
I also investigated if FA changes observed in UHR subjects could be driven by changes
in axial and radial diffusivity. My results indicate that the relationship between alterations
in FA and in diffusivity varied according to the site of the findings (see Table 4.2). Alter-
ations in radial diffusivity have been linked with demyelination in animal models (Song
et al., 2003). However, it was not possible to assess myelination directly. While increased
radial diffusivity may suggest axonal damage (Song et al., 2003), in some regions this
was associated with increased axial diffusivity, which is evident when fibres are tightly
aligned within the white matter. In other areas, radial diffusivity was increased despite no
alteration in FA, while in the ALIC there was reduced FA but no axial and radial diffusiv-
ity changes. The interpretation of the relationship between FA and AD and RD is further
complicated by the evidence that radial and axial diffusivity changes may be unrelated to
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the underlying tissue microstructure in voxels characterised by crossing fibers (Wheeler-
Kingshott and Cercignani, 2009). Further work is required to clarify the basis of these
different relationships between FA and diffusivity and therefore these results need to be
interpreted with caution.
Some limitations need to be noted regarding the present study. Although larger than
those in most previous DTI studies of UHR subjects, the sample was still modest, and
the findings require confirmation in a larger group. Moreover, with a small number of
females involved in the study, I could not assess the effects of gender on DTI results.
Because three of the UHR subjects who developed psychosis had been started on an-
tipsychotic medication by the time of the follow up scan, I cannot exclude the possibility
that the longitudinal findings in this subgroup were influenced by treatment after the on-
set of psychosis. However, previous DTI studies in schizophrenia have not identified a
clear effect of antipsychotic medication on FA (Kanaan et al., 2005). Furthermore, a re-
cent meta-analysis of antipsychotic-naïve VBM studies showed that cortical volume loss
observed at the onset of psychosis is independent of antipsychotic treatment (Fusar-Poli
et al., 2012a). Group-mapping analyses of FA maps have been criticised for inaccuracies
in the alignment of individual images to the template (Smith et al., 2006). I used a dif-
feomorphic deformable tensor-based image registration (Zhang et al., 2007a) because it
has been shown to align DTI images better than other techniques (Wang et al., 2011), to
reduce the susceptibility to false positives due to tensor shape confounds and improve the
sensitivity to detect anisotropy changes (Zhang et al., 2007a). However, I acknowledge
that whilst mis-registration can be minimised by the use of voxel-based (Zhang et al.,
2007a) or tract-based (Smith et al., 2006) analysis techniques, it can never be completely
eliminated and results should therefore always be interpreted in light of this potential con-
found. Data were analysed using a whole brain rather than a ROI approach because the
existing DTI literature indicates that multiple tracts are affected in schizophrenia (Kanaan
et al., 2005) and in UHR populations (Peters et al., 2010).
In conclusion, these data suggest that the UHR state is associated with reduced white
matter abnormalities in similar areas to those affected in first episode psychosis, but to a
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lesser degree. Furthermore, they have provided the first evidence that the onset of psy-
chosis in UHR subjects may be associated with a longitudinal progression of abnormali-
ties in the left frontal white matter.
4.2 Whole brain analysis in the twin sample
Introduction
As described in chapter 2, there is evidence that schizophrenia may be a disorder
characterised by disconnection between brain regions (Friston, 1999). Post-mortem and
genetic studies suggest that white matter (WM) might be a key site of abnormalities in the
pathophysiology of schizophrenia (Davis et al., 2003; Harrison and Weinberger, 2005;
Roussos et al., 2012; Walterfang et al., 2006). A remarkable histological finding is the
aberrant location of neurons in the neocortical white matter, as this is strongly indicative
of an early perturbation of brain development, mainly affecting neuronal migration and
connectivity (Harrison and Weinberger, 2005). It is reasonable to assume that both genetic
and environmental factors could play a part in this process. However, little is known about
the extent to which these WM abnormalities between brain regions reflect genetic, rather
than shared or unique environmental and disease specific effects.
Neuroimaging studies in healthy twins have yielded high heritability estimates for
whole brain WM volumes (Peper et al., 2007; Schmitt et al., 2007). Heritability esti-
mates for white matter microstructure vary throughout the brain and are high in the frontal
(Camchong et al., 2009; Chiang et al., 2009; Hulshoff Pol et al., 2006) and parietal lobes
bilaterally (Chiang et al., 2009), in the left occipital lobe (Chiang et al., 2009) and in
the corpus callosum (Hulshoff Pol et al., 2006; Pfefferbaum et al., 2001), suggesting that
these white matter regions are influenced by genetic factors. This is functionally relevant
because it has been reported that intelligence and white matter structure along the superior
occipitofrontal fascicle, the corpus callosum and the left optic radiation share a common
genetic origin (Hulshoff Pol et al., 2006). Hulshoff Pol et al. (Hulshoff Pol et al., 2004)
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compared brain scans from twin pairs discordant for schizophrenia with healthy control
twin pairs and showed white matter volume differences between healthy twin pairs and
discordant twin pairs, irrespective of the presence of the disorder. These results suggest
that smaller white matter volumes are independent of the illness and reflect the genetic
liability for schizophrenia (Hulshoff Pol et al., 2004). More recently, a large multicentre
study of 684 twins investigated further the question of genetic liability and reported a sig-
nificant association between the illness and reduced white matter volume in twins with
schizophrenia compared to their unaffected co-twins; this effect was largely attributable
to shared genetic (94%) rather than environmental or disease specific factors (van Haren
et al., 2012).
Unfortunately, for logistical reasons it is difficult to recruit and scan a large and repre-
sentative sample of schizophrenic twins. In order to circumvent this problem, researchers
have investigated first-degree relatives (e.g. siblings and parents), who share about 50% of
the genes of patients with schizophrenia. The difference between the unaffected relatives
and healthy controls is typically quoted as an index of genetic (though more accurately fa-
milial) effects, while differences between the unaffected relatives and the patients reflect
unique environmental and illness specific effects. Compared to healthy controls, unaf-
fected relatives showed FA abnormalities in the frontal lobe (Bertisch et al., 2010; Cam-
chong et al., 2009; Hao et al., 2009; Hoptman et al., 2008), anterior limb of the internal
capsule (Munoz Maniega et al., 2008), uncinate fasciculus (Knochel et al., 2012a), cor-
pus callosum (Knochel et al., 2012a,b), arcuate fasciculus (Boos et al., 2012b), cingulum
(Bertisch et al., 2010; Hoptman et al., 2008; Knochel et al., 2012a), hippocampus (Hao
et al., 2009), deep white matter surrounding the right caudate and bilaterally the lentiform
nucleus, lingual gyrus (Bertisch et al., 2010), angular and pontine tegmental WM (Hopt-
man et al., 2008). Overall, sibling and first-degree relative studies in schizophrenia sug-
gest that alterations of white matter in frontal, temporal, parietal and limbic regions are
influenced by that familial risk. Compared to patients with schizophrenia, unaffected rela-
tives showed higher FA in the left lingual and insular gyri, right deep frontal white matter
(Hoptman:2008cnb), association fascicles (Knochel et al., 2012a; Munoz Maniega et al.,
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2008); one study reported lower FA in a few regions (Hoptman et al., 2008) of unaf-
fected relatives and two studies reported negative results (Hao et al., 2009; Knochel et al.,
2012b).
Complimentary support that WM abnormalities in fronto-temporo-parietal connecting
structures are present before the onset of psychosis comes from DTI studies of individuals
at ultra high risk (or ‘clinical’ high risk) (Bloemen et al., 2010; Carletti et al., 2012;
Karlsgodt et al., 2009; Peters et al., 2009, 2010). These converging structural findings
are themselves supported by functional imaging studies suggesting that prefrontal and
temporal cortex function is altered in subjects at risk of schizophrenia who later develop
the disorder (Crossley et al., 2009; Lawrie et al., 2008; Owens et al., 2012; Whalley et al.,
2005; Winterer et al., 2003).
Overall, converging evidence from neuropathology, genetics and imaging points to
abnormalities in the white matter being a key factor in the risk of developing schizophre-
nia. To the best of my knowledge, no study yet has examined a white matter structure in a
large sample of MZ and dizygotic (DZ) twins concordant and discordant for schizophrenia
and healthy twin pairs, pair-wise matched on zygosity and socio-demographical variables,
using DTI. The present study was designed to separate out the contribution of familial,
disease-specific and unique environmental effects factors to alterations in white matter
microstructure.
Hypothesis 4.3. I hypothesised that there would be a monotonic FA reduction across
the groups related to the ‘genetic load’ for schizophrenia (FA values
would be smallest in MZ with schizophrenia and highest in controls).
In this context, I used the term genetic load rather than genetic risk since the sample
considered includes subjects with schizophrenia, who cannot be considered at risk. As
available packages for whole brain analysis such as XBAM, SPM, FSL etc have not been
developed for studying twin neuroimaging data, I tested hypothesis 4.3 in two steps. A
voxel-wise analysis of white matter was initially carried out in order to detect regions
of putative difference over the whole brain. As this initial analysis inherently treated
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each subject as (statistically) independent, which is not appropriate for twins, I then
(re)analysed the median FA values for each region detected by this voxel based approach,
using regression models that could address familial inter-dependence within the datasets.
The impact of familial factors was addressed by comparing discordant unaffected twins
with normal control twins; the effect of disease-specific and unique environmental fac-
tors was tested by comparing discordant twins with schizophrenia with their unaffected
discordant twin pairs. I compared patients with schizophrenia with healthy controls to
assess white matter changes in chronic schizophrenia. As this two-step approach has not
previously been applied to DTI data, I chose to initially investigate only FA values (rather
than FA, MD, and RD, as in the UHR sample). This avoids the potential confounding
effects of correction for multiple-comparisons during the initial voxel based analysis, the
results of which are already being handled in a statistically less than ideal manner.
Methods
Participants
I investigated a sample of 101 twins, comprising 11 monozygotic (MZ) pairs concor-
dant for schizophrenia, 10 MZ and 7 dizygotic (DZ) discordant pairs with schizophrenia,
9 MZ and 7 DZ discordant twins without schizophrenia, together with 24 MZ and DZ
healthy control twin pairs with no personal or family history of any psychotic disorder
(See Table 3.3 and Table 3.5). Proband twins with schizophrenia were recruited by re-
ferral from National Health Service (NHS) clinics and from voluntary support groups.
Control twins were recruited from the Institute of Psychiatry Volunteer Twin Register and
through advertisements in the national media. Exclusion criteria included organic brain
disease, head trauma with a loss of consciousness for more than 5 minutes, and substance
or alcohol dependence, in the 12 months prior to assessment. Zygosity was determined
on the basis of a panel of highly polymorphic DNA markers from blood or cheek swabs.
Current psychotic symptoms were assessed using the Scales for the Assessment of Posi-
tive (SAPS) and Negative (SANS) Symptoms (Kay et al., 1987). Socio-economic status
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and handedness were assessed using the Standard Occupational Classification (VV.AA.,
2000) and the Annett scale (Annett, 1970) respectively. Local and multicentre ethics com-
mittees approved the study and all participants gave written informed consent after a full
description of the study’s aims and methods.
MRI acquisition
DTI data were acquired on a 1.5 T scanner using a cardiac-gated SS-EPI sequence (for
details see Table 4.8). At each scan location 7 images without diffusion gradients were
acquired together with 64 diffusion-weighted images (b=1300 s.mm−2). Details about
MRI acquisition and image analysis are reported in chapter 3.
Voxel-Based Morphometry
A population-specific tensor template was constructed from all 101 subjects using an
iterative diffeomorphic registration methodology (Zhang et al., 2007a,b). DTI data of
each individual were normalised to the template using ‘dtitk’ (Zhang et al., 2007a,b) and
maps of FA created (for details see section 3.6). FA maps were analysed voxelwise with
XBAM v4, an analytical package developed at King’s College London, Institute of Psy-
chiatry (http://brainmap.co.uk) using a non-parametric permutation-based strategy
to minimise assumptions.
Statistical analyses
Group differences in FA first identified in the VBM analysis were further verified post-
hoc within a generalised estimating equations (GEE) framework using regression analyses
(for more detail, see section 3.6). Group differences in demographic variables were also
assessed using linear regression models with robust standard errors or by using logistic
regression with robust standard errors according to the nature of the data. Statistical
analyses were carried out using Stata 12 (StataCorp, College Station, Tex).
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Results
Demographic and clinical variables
The demographic data are summarised in Table 3.3. The groups differed in parental
socioeconomic status (with the parents of healthy twins having the higher status than
the parents of the other groups), age but there were no significant differences in gender,
handedness, or years of education. The clinical data are summarised in Table 3.5. The
patient groups did not differ in type (first or second generation) or dose (chlorpromazine
equivalents) of antipsychotic treatment, their age at first contact with psychiatric services,
or current positive (SAPS) and negative (SANS) psychotic symptom scores at the time of
scanning. None of the unaffected twins from discordant pairs or the healthy control twins
was unwell at the time of scanning or taking any psychotropic medication.
MRI data
The results of the VBM analysis were in agreement with hypothesis 4.3 and revealed a
significant monotonic FA reduction across the groups (MZ concordant ill < MZ discordant
ill < DZ discordant ill < MZ discordant well < DZ discordant well < MZ/DZ controls)
in 5 regions (see Figure 4.5 and Table 4.1). In these clusters, there was a reduction of FA
relative to that in healthy twins that was greatest in the MZ concordant ill, and smallest
in the DZ discordant well. The clusters spanned several white matter tracts linking the
frontal, temporal and parietal lobes (see Table 4.1). The results in all 5 clusters remained
significant (at p<0.001) after comparison of their median FA in the regression analysis.
The details are summarised in Table 4.7.
Effects of familial risk factors Post hoc analysis found that the FA reduction in two
clusters (cluster 5, unaffected MZ discordant < all controls, p=009; cluster 4; unaffected
DZ discordant < all controls, p=0.021) reflected reductions in both the patients and unaf-
fected relatives due to an increased familial risk for developing schizophrenia.
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Figure 4.5: Fractional anisotropy maps showing the areas where a FA reduction in WM micro-
structure abnormalities was driven by only familial factors (MZ discordant unaf-
fected < all healthy control; indicated in red) or by an interaction of multiple factors
(familial, unique and disease-related; in blue). Images are radiologically oriented
(participant’s left is to the right).
Effects of unique environmental factors Post hoc analyses indicated that the FA reduc-
tion in two white matter regions (clusters 3 and 4) was principally driven by the effect of
unique environmental factors (cluster 3, MZ discordant with schizophrenia < unaffected
MZ discordant, p=0.041; cluster 4, MZ discordant with schizophrenia < unaffected MZ
discordant, p=0.009; see Figure 4.5 and Table 4.7).
Effects of illness-related factors Post hoc analyses indicated that the FA reduction
in all white matter regions (clusters 1-5) was partly affected by illness-related factors
(schizophrenic probands < all controls, p<0.001; see Figure 4.5 and Table 4.7).
There were no clusters where there was a monotonic increased FA across the groups
(MZ concordant ill > MZ discordant ill > DZ discordant ill > MZ discordant well > DZ














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































This study investigated white matter changes associated with an increased risk of de-
veloping schizophrenia in a large sample of MZ and DZ twins concordant and discordant
for schizophrenia, along with healthy twin controls. To the best of my knowledge, this
is the first study of twins with schizophrenia to use DTI. In line with with Hypothesis
4.3, FA reduced in a monotonic way in five white matter regions as genetic load for
schizophrenia increased, so that FA values were smallest in MZ with schizophrenia and
highest in controls. I interpret these FA reductions as evidence of an effect of multiple
factors on WM microstructure, such as familial influences, the influence of the disease,
its treatment or of unique environmental factors. Results of the VBM analysis indicated
that white matter changes related to the presence of illness and/or its treatment were evi-
dent in all five clusters (see Table 4.5), consistent with the notion that these effects would
be generally distributed throughout the white matter. These findings are consistent with
those of other studies, as shown by a recent meta-analysis of DTI studies in schizophre-
nia (Ellison-Wright and Bullmore, 2009), and point toward a structural ‘disconnection’
between multiple areas in schizophrenia (Konrad and Winterer, 2008). I then re-assessed
the results of the whole brain analysis with a statistical method previously used for twin
analyses (Neale, 2005) that minimises the effects of within-family correlations, in an at-
tempt to dissociate the effect of familial influences on FA from those of other factors,
related illness and treatment or unique environmental factors. This analysis confirmed
that schizophrenia has a significant effect on FA distributed over all the clusters identi-
fied by the VBM. This points toward a global effect of the illness on WM microstructure.
Another finding is that white matter changes reflecting familial risk and unique environ-
mental factors were more focal than those reflecting an effect of the illness or treatment.
These changes are discussed in detail below.
White matter changes associated with familial risk. The analysis of unaffected twins
and controls revealed an influence of the familial risk for schizophrenia on FA values
in two white matter regions (cluster 5, unaffected MZ discordant < all controls, p=009;
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cluster 4; unaffected DZ discordant < all controls, p=0.021). The effects of familial risk
for schizophrenia on WM result from genetic and common environmental effects, shared
between both members of a twin pair. The influence of familial factors is inferred when
the unaffected member of a discordant twin pair manifests differences in FA compared to
healthy MZ or DZ twins. I found that increased familial risk for schizophrenia was as-
sociated with significant FA reduction in two white matter regions spanning the anterior
limb of the internal capsule (ALIC) bilaterally, the left superior fronto-occipital fascicle,
the right external capsule, the anterior corona radiata bilaterally and the right superior
corona radiata. The ALIC is part of a circuit linking the frontal lobe and basal ganglia.
An FA reduction in the ALIC is consistent with results in individuals who are at familial
risk because they have a first or second degree relative with schizophrenia,(Munoz Man-
iega et al., 2008) and the results in UHR patients that I reported in section 4.1 (Carletti
et al., 2012). Munoz-Maniega et al. used a parametric whole brain and a ROI analy-
sis that showed a significant FA reduction in the ALIC of subjects at high genetic risk for
schizophrenia. My results also corroborate evidence that genetic variation in NRG1 (a pu-
tative psychosis susceptibility gene that is involved in neuronal migration, axon guidance
and myelination) is associated with a reduced white matter microstructure in the ALIC
in the unaffected relatives of patients with schizophrenia and bipolar disorder (McIn-
tosh et al., 2008). Findings in the ALIC are also consistent with histological evidence
of oligodendrocyte abnormalities in the prefrontal white matter in schizophrenia (Walter-
fang et al., 2006).
I also found a familial effect on FA in the superior left fronto-occipital fasciculus, a
cortico-cortical association pathway that has previously been found to be highly heritable
(Hulshoff Pol et al., 2006). This is a novel finding, that corroborates evidence of reduced
FA in the left fronto-occipital fasciculus in never medicated, first episode psychosis sub-
jects (Cheung et al., 2008). My finding of microstructural changes in the white matter of
the external capsule is broadly consistent with evidence of an FA reduction in the tempo-
ral white matter of first-degree relatives of patients with schizophrenia (Hoptman et al.,
2008) and in individuals at clinical high risk of psychosis (Carletti et al., 2012). I also
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found evidence of familial effects in the corona radiata, a region traversed by connections
linking the frontal, parietal, temporal, and occipital lobes. Reduced FA in the corona
radiata has been associated with the risk allele for oligodendrocyte lineage transcription
factor 2 (OLIG2) rs1059004 (A) (Prata et al., 2012), which regulates the formation of
oligodendrocytes, cells responsible for axonal myelination, and has been associated with
psychiatric disorders. (Prata et al., 2012).
White matter changes associated with unique environmental risk. Environmental
factors, such as psychosocial, biological and physical factors, experienced by the indi-
vidual throughout life can be either shared (as by twins) or unshared (in this context,
termed ‘unique’). Unique environmental factors are thus considered to be responsible for
differences between members of twin pairs if the twins are monozygotic (MZ) and geneti-
cally indentical. In the present study, these factors were studied comparing probands with
schizophrenia and their unaffected co-twins from MZ discordant pairs. The findings (see
cluster 3 and 4; see Table 4.7) indicate that environmental risk factors and/or the disorder
and/or its treatment influence the FA of interhemispheric connections (the splenium and
tapetum of the corpus callosum), associative (superior longitudinal fascicle) and projec-
tion fibres (posterior corona radiata, posterior thalamic radiation). This is in agreement
with evidence of white matter abnormalities along the superior longitudinal fasciculus
(Knochel et al., 2012a) and cingulum (Hoptman et al., 2008; Knochel et al., 2012a) and in
the right frontal white matter (Hoptman et al., 2008) in the unaffected relatives of patients
with schizophrenia compared to patients. There is some imaging evidence of functional
alterations of the superior temporal gyrus in schizophrenia, which is connected through
the splenium, in discordant monozygotic twins of individuals with schizophrenia as well
as in individuals at familial risk for schizophrenia (MacDonald et al., 2009). Furthermore,
within discordant pairs, twins with schizophrenia have smaller GMVs than their nonpsy-
chotic co-twins in the superior temporal gyri (Borgwardt et al., 2010). These structural
and functional findings could be related to my observation of reduced FA in the splenium.
FA decreases in the posterior corona radiata and posterior thalamic radiation are sugges-
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tive of a microstructural abnormalites of parietal connections, in line with other structural
studies in twins (Borgwardt et al., 2010; Cannon et al., 2002).
It is important to note that, whilst the FA reduction in the left fronto-temporal WM
reflects familial factors only (cluster 5), those in the right hemisphere might be related to
both familial and unique environmental influences (cluster 4) or a unique environmental
effect only (cluster 3). I interpret these findings as evidence of the focal and differen-
tial effect of familial factors on the left fronto-temporal WM of individuals at risk for
schizophrenia.
Two previous twin studies have reported a reduction in total white matter volume as-
sociated with the familial risk for schizophrenia (van Haren et al., 2004, 2012). In the
present study I was able to extend these findings by assessing the microstructure of white
matter, rather than its global volume, and localising the anatomical location of differences.
FA is an index of several white matter properties, including myelination and axonal thick-
ness, which contribute to WM volume. However, the two measures probe different aspects
of the underlying tissue architecture, making it difficult to directly compare white matter
volume assessed through structural MRI and DTI studies. The present DTI and previous
twin studies suggest that white matter changes are associated with an increased liability
for schizophrenia. Fractional anisotropy is sensitive to axonal ordering, density, degree
of myelination (Basser and Pierpaoli, 1996), so it can be considered an index of white
matter microstructure, but cannot be taken as specific to any particular neuropathologi-
cal change in schizophrenia (Jones et al., 2012). The neuropathological underpinnings
of white matter changes in schizophrenia are inconclusive (Harrison, 1999; Harrison and
Weinberger, 2005), but growing evidence implicates abnormalities of olygodendrocites
and myelin that ensheath axons (Walterfang et al., 2006). Excitotoxicity during myeli-
nation, or the effects of infections or other environmental insults during critical phases
of neurodevelopment could contribute to the reduction in olygodendrocite size and den-
sity that has been described in post-mortem studies of schizophrenia (Walterfang et al.,
124
2006), and alterations in genes that influence olygodendrocite function and myelination
could underlie vulnerability to these processes (Karoutzou et al., 2008; McIntosh et al.,
2008). Furthermore, there is recent observation of molecular and genetic abnormalities
in the nodes of Ranvier in schizophrenia (Roussos et al., 2012). Abnormal myelination,
impaired olygodendrocite structure and function and disrupted nodes of Ranvier might
downgrade the efficiency of neurotransmission, and thus contribute to structural and func-
tional dysconnectivity. For the reasons mentioned above and in chapter 3, caution has to
be applied in interpreting FA changes as brain connectivity changes (for a rigorous inter-
pretation of FA findings see reference (Jones et al., 2012)). Despite this, however, it can
still be instructive to consider that FA changes may at least partly indicate, among other
things, abnormal connectivity when developing models of the underlying biology of dis-
eases such as schizophrenia, as long as such models will lead to new, testable, hypotheses.
One potential limitation of this study is that it is difficult to study neuroimaging data
from twins at voxel-wise level without violating the assumption of independence of obser-
vations. XBAM and other DTI analytical packages such as FSL, SPM and AFNI have not
yet implemented methods to address the issue of familial correlations within datasets. In
order to minimize the effects of within-family correlations, I therefore combined a whole
brain approach with a statistical method that has been widely accepted for twin analy-
ses (Neale, 2005). Once appropriate methodology has been developed at for voxel based
analyses of twin data, it will be interesting to re-evaluate the results of this study, and
to extend it to other diffusion parameters such as MD and RD. (It may also be possible
to do this using the ROI based approach, but as noted previously, the statistical details
of such an approach are not clear). The choice of a whole brain rather than a region of
interest (ROI) approach was based on evidence indicating anisotropy changes along mul-
tiple WM tracts in populations with schizophrenia (Ellison-Wright and Bullmore, 2009)
or at risk of schizophrenia (Bertisch et al., 2010; Bloemen et al., 2010; Camchong et al.,
2009; Carletti et al., 2012; Hao et al., 2009; Hoptman et al., 2008; Karlsgodt et al., 2009;
Knochel et al., 2012a,b; Munoz Maniega et al., 2008; Peters et al., 2009) and global white
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matter volume reduction in twin studies of schizophrenia (Hulshoff Pol et al., 2006; van
Haren et al., 2012). I used a diffeomorphic deformable tensor-based image registration
(Zhang et al., 2007a) because it has been reported to align individual images to the tem-
plate better than other techniques (Wang et al., 2011) and to improve the sensitivity to
detect anisotropy changes (Zhang et al., 2007a). However, I acknowledge that although
accurate voxel-based (Zhang et al., 2007a) or tract-based (Smith et al., 2006) analysis
techniques have been developed, a residual mis-registration in whole brain studies can
never be completely eliminated (Zalesky, 2011). Results should therefore be interpreted
in the context of this potential confounding factor. The patients in this study were phar-
macologically treated and had been ill for a long time, therefore I cannot exclude that
some of white matter changes associated with environmental factors may have been con-
founded by antipsychotic treatment and the duration of the illness. Note, however, while
there is some evidence that FA values are correlated to the duration of illness (Carletti
et al., 2012; Mori et al., 2007), it is not clear whether exposure to antipsychotic drugs has
an effect on FA. Another potential limitation is that, despite the collection of DTI data
on a relatively large sample size, there may be an issue of being underpowered to detect
significant FA reductions.
Although not free of methodological limitations, this study provides for the first time
a comprehensive analysis of the genetic and environmental influences on white matter
changes observed in schizophrenia. My findings reinforce the growing evidence that
white matter plays a key role in the aetiology of schizophrenia. To conclude, I report
that white matter changes observed in schizophrenia are partly influenced by familial fac-
tors and partly driven by the disorder.
4.3 Conclusion
The aim of this chapter was to investigate whether white matter structural abnormali-
ties may underpin the predisposition of an individual to the development of schizophrenia.
The analysis of the UHR sample shows that individuals at UHR for psychosis showed
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alterations in WM qualitatively similar to, but less severe than, those in patients with
schizophrenia. This indicates that white matter changes are evident before the onset of
psychosis. Furthermore, the onset of psychosis may be associated with a progressive
reduction in the integrity of the left frontal WM.
The analysis of the twins’ DTI data aimed to address the question of whether the
white matter abnormalities seen in the UHR and schizophrenic subjects might be a vul-
nerability trait or whether they instead reflect the disease process. Results of this analysis
show that the effect of illness-related factors is generally distributed throughout the white
matter, whereas there is a focal effect of familial factors on the left frontal WM. These
results suggest that white matter changes in schizophrenia may be explained by familial
and unique environmental or by disease-related factors. Abnormalities in the left frontal
WM are particularly associated with familial risk for schizophrenia. It should be noted,
however, that there is a key issue regarding the interpretation of these two studies is the
presence of potential confounding factors such as differences in study design, the effect
of medication and the duration of illness in the twin sample. My results therefore need to
be interpreted with caution.
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Thalamo-cortical connections are critical for the processing and coordination of sen-
sory information. Several theoretical models have proposed that a disorder of these con-
nections may be involved in the pathophysiology of schizophrenia. The two studies in
chapter 4 showed that a reduced FA in the left prefrontal white matter was associated
with an increased familial risk for schizophrenia in twins, and with the onset of psychosis
in UHR subjects. The prefrontal white matter is traversed by several cortico-cortical and
cortico-subcortical connections, ATR. In this chapter, I will investigate the extent to which
alterations in the left anterior thalamic radiation may be responsible for reductions in left
prefrontal FA in these high risk groups. I will do so applying probabilistic diffusion tensor
tractography to the DTI data from the UHR sample that I studied in chapter 4. Measures
of fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD) and axial
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diffusivity (AD) will be calculated in the ATR.
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5.1 Thalamocortical connectivity in the UHR sample
Introduction
The thalamus and cerebral cortex are widely interconnected. All cortical areas receive
thalamic input and send output back to the thalamus (Caviness and Frost, 1980; Frost and
Caviness, 1980). These connections are arranged in a topographic manner (Alexander
et al., 1986): for instance, the prefrontal cortex is interconnected with the anterior and
dorsomedial nuclei of the thalamus; motor and somatosensory cortices are reciprocally
linked to the ventral lateral and ventral posterior-lateral nuclei of the thalamus. It has
been hypothesised that abnormalities of thalamo-cortical connectivity may be involved in
the pathogenesis of schizophrenia (Andreasen et al., 1996; Jones, 1997; Swerdlow, 2010).
This is in line with the notion that cognitive deficits in schizophrenia are associated with
a perturbation of brain connectivity pathways (Friston, 1999; McGuire and Frith, 1996).
Neuropathological studies of schizophrenia suggest that the disorder is associated with
a reduction in the number of thalamic (Byne et al., 2009) but not cortical neurons (Pakken-
berg, 1993). More precisely, the reduction of thalamic neurons occurs in the anterior,
medio-dorsal nuclei and pulvinar (Byne et al., 2002, 2006, 2007, 2009; Danos et al., 1998,
2003; Highley et al., 2003b; Mileaf and Byne, 2012; Pakkenberg, 1990; Pakkenberg et al.,
2009; Popken et al., 2000; Young et al., 2000). Interstitial neurons, remnant cells of the
subplate (Kostovic et al., 2011), have been observed in the whole cerebral white matter
(Akbarian et al., 1993a,b, 1996; Anderson et al., 1996; Eastwood and Harrison, 2003,
2005; Harrison and Weinberger, 2005; Kirkpatrick et al., 1999, 2003; Yang et al., 2011),
perhaps as a result of a neurodevelopmental anomaly affecting neuronal migration, sur-
vival, and connectivity (Harrison, 1997; Harrison and Weinberger, 2005; Roberts, 1990).
A recent meta-analyses of the MRI literature describe thalamic volume reductions in pa-
tients with chronic schizophrenia (Adriano et al., 2010; Haijma et al., 2012; Shepherd
et al., 2012), patients with a first episode of psychosis (Adriano et al., 2010) and in sub-
jects at high risk of developing schizophrenia (Lawrie et al., 2001; Staal et al., 1998).
Studies using in-vivo magnetic resonance spectroscopy (MRS) suggest that thalamic glu-
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tamate, a marker of neuronal excitatory transmission, is reduced in subjects at UHR for
psychosis compared to healthy controls (Fusar-Poli et al., 2011c; Stone et al., 2009, 2010).
Within the UHR group, thalamic glutamate concentration was negatively associated with
activation (as measured using functional MRI) in the right dorsolateral prefrontal and left
orbitofrontal cortex during a verbal fluency task, but positively associated with activation
in the right hippocampus and in the temporal cortex bilaterally (Fusar-Poli et al., 2011c).
This is in line with the notion that thalamic abnormalities might occur at an early stage
in psychotic disorders, with abnormal prefrontal, hippocampal, and temporal function ap-
pearing later, secondary to excitotoxic processes or other mechanisms (Stone et al., 2007,
2009, 2010). This is consistent with functional neuroimaging evidence of perturbed tha-
lamocortical connectivity in patients with chronic schizophrenia (Marenco et al., 2012;
Woodward et al., 2012), patients with a first episode of psychosis (Zhou et al., 2007), and
in those at high risk of psychosis (Morey et al., 2005). Several diffusion tensor imaging
(DTI) studies have investigated the thalamocortical connectivity in schizophrenia (Buchs-
baum et al., 2006; Carletti et al., 2012; Kubicki et al., 2005; Kubota et al., 2012; Mamah
et al., 2010; Marenco et al., 2012; Mitelman et al., 2007; Rosenberger et al., 2012; Sp-
rooten et al., 2009; Sussmann et al., 2009; Zhou et al., 2007). Abnormalities have been
described in parts of the fronto-thalamic pathways, including the anterior limb of the in-
ternal capsule (ALIC) (Buchsbaum et al., 2006; Carletti et al., 2012; Kubicki et al., 2005;
Kubota et al., 2012; Mamah et al., 2010; Marenco et al., 2012; Mitelman et al., 2007;
Rosenberger et al., 2012; Sprooten et al., 2009; Sussmann et al., 2009; Zhou et al., 2007)
and the thalamus itself (Agarwal et al., 2008; Hashimoto et al., 2009; Spoletini et al.,
2011). However, there is some disagreement about the FA reduction in the ALIC, as
some studies have reported negative findings (Ashtari et al., 2007; Beasley et al., 2009;
Kito et al., 2009; Kyriakopoulos et al., 2008; Szeszko et al., 2005).
Overall, converging evidence from clinical, biological, functional and structural neu-
roimaging studies suggests that thalamo-cortical connectivity may be affected in schizophre-
nia. However, it is unclear if this abnormal connectivity is a correlate of the risk of psy-
chosis or the disorder itself. In the previous chapter, using a longitudinal design, the whole
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brain analysis of the UHR sample showed a significant group (UHR-P versus UHR-NP)
by time (baseline versus follow-up scan) interaction on FA in a region of white matter
including the anterior limb of the left internal capsule (ALIC), the body of the corpus
callosum, the left superior corona radiata and left superior fronto-occipital fasciculus. In
this cluster, there was a longitudinal reduction in FA in the UHR-P group, but a slight in-
crease in the UHR-NP group, although these within-group changes were not themselves
significant. Based on these results and the existing literature, I investigated the white
matter microstructure of the anterior thalamic radiations as a marker of fronto-thalamic
connectivity in subjects at high risk of psychosis (UHR). My main hypotheses were:
Hypothesis 5.1. FA would be reduced in the anterior thalamic radiation in subjects
at high risk of psychosis compared to healthy controls
Hypothesis 5.2. FA values in the UHR would be intermediate to those of patients at
the first episode of psychosis and healthy controls
As in chapter 4, I also assessed mean, radial and axial diffusivity changes in order to
investigate which of these drove any FA changes in UHR subjects.
Material and methods
Demographic and Clinical Variables
The sample used in this study was the same as that studied in chapter 4. The methods
of recruitment and assessment were identical. I excluded one subject from the analy-
sis as one control subject did not pass the quality check for tractography (see heading
‘Tractography analysis’ for more detail). The final sample considered in this chapter in-
cluded 32 individuals at UHR for psychosis, 31 controls, and 15 patients with first-episode
schizophrenia, who were all studied using DTI. The UHR subjects and controls were re-
scanned after 28 months, and tractography was performed on both baseline and follow-up
data. During this period, 8 UHR subjects had developed schizophrenia. More details
about the sample are provided in chapter 3. A summary of demographic and clinical vari-
ables is reported in Table 3.1. The mean interscan interval in controls was significantly
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longer in controls than in UHR subjects (P < .001).
MRI acquisition
The methods of MRI acquisition were identical to those described in chapters 3 and
4.
MRI tractography
The anterior thalamic radiation (ATR) pathway originates from the thalamus and
passes through the anterior limb of internal capsule (ALIC) to the frontal cortex. Full
details of acquisition, analysis and tractography protocol are reported in chapter 3. For
the purpose of this chapter, it is noted that a wild bootstrap tractography approach was
used, and two ROIs were selected to delineate this pathway. The first ROI was placed
on the prefrontal cortex, including Brodmann Areas BA10, BA11, BA12, BA24, BA25,
BA32, BA45, BA46, BA47. The second ROI was placed on the thalamus (See Figure
5.1).
Figure 5.1: Seed and termination ROIs used to identify the anterior thalamic radiation.
The trajectories between these two regions were identified using an ‘AND’ operation.
False positives results were excluded using a mask followed by a ‘NOT’ operation. Trac-





























































































































































































































































































































































































































Figure 5.2: Visual diagram of diffusion tensor residuals (averaged across all brain voxels with
the error bars representing the inter-quartile range) calculated for each DW image.
In this diagram from a healthy control, one diffusion volume was ‘heavily’ corrupted
(white arrow).
Figure 5.3: In this volume there is an high percentage of high residual values that suggests the
presence of artefacts.
Residuals from the diffusion tensor fitting process were calculated for each DW image
to check for poor-quality DTI volumes. Diffusion volumes were considered ‘corrupted’
where a high percentage of residuals was present. After this quality check, only one
healthy control subject was excluded (see Figure 5.2, Figure 5.3 and Figure 5.4 for de-
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tails).
Figure 5.4: The percentage of artefacts for each slice was estimated along the three axes (axial,
coronal and sagittal) in order to provide a summary statistic of data quality. Red





A diagram of the ATR obtained in the entire population (all UHR, FEP subjects and
controls; n=78) is shown in Figure 5.5. The ATR is shown in red, overlaid on the T1-
weighted MNI template. As can be seen from the images, the ATR fibres in this study
originate from the thalamus, pass through the anterior limb of internal capsule, and termi-
nate in the prefrontal cortex. This is in agreement with the description of this pathway in
neuroanatomical textbooks (Carpenter and Sutin, 1983; Nieuwenhuys et al., 2007) and in
previous in-vivo DTI studies (Wakana et al., 2004a).
Cross-sectional comparisons at baseline FEP vs UHR vs HC. Table 5.2 provides a
summary of the mean and standard deviation values of fractional anisotropy, mean, ra-
dial and axial diffusivity values of the bilateral ATR fibre tracts in at baseline. At base-
line, there was a significant linear relationship in the differences across the 3 groups in
FA (F2,76 = 4.117 ;p<0.020), MD (F2,76 = 3.460; p<0.036) and RD (F2,76 = 5.244
;p<0.007) of the left ATR, which post-hoc analysis revealed to be driven by the FEP
group (FA reduction, p<0.016; MD increase, p<0.28; RD increase, p<0.005), whereas
the differences between the UHR group and controls were not significant. The FA in the
left ATR tract was lowest in the FEP group, highest in controls, and intermediate in the
UHR group (see Table 5.2); the MD and the RD in the left ATR tract was highest in the
FEP group, lowest in controls, and intermediate in the UHR group (see Table 5.2); FA,
MD, AD and RD were not significantly different between the three groups in the right
anterior thalamic radiation (see Table 5.2).
Cross-sectional comparisons at follow up At follow up, there were no differences in
FA, axial, or radial diffusivity between subjects who developed psychosis (UHR-P) and
those who did not (UHR-NP). Similarly, there were no significant differences between the
UHR-P group and healthy controls.
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Table 5.2: Baseline changes. Summary and comparison of reconstructed diffusion tensor frac-
tional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD) and axial diffu-
sivity (AD) for the anterior thalamic radiation (ATR) in both hemispheres.
Comparison LEFT ATR:Direction and significance
RIGHT ATR:
Direction and significance









Figure 5.5: Tractography results. Origin, course and termination of thalamo-cortical trajecto-
ries (ATR).
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Longitudinal analysis The longitudinal analysis of UHR, UHR-P and UHR-NP groups
did not reveal any difference in FA, RD or AD over time. There were no significant group-
by-time interactions for FA, MD, RD or AD. The results did not change when the time
between scans (the nuisance covariate) was excluded from the analysis.
Discussion
Alterations in fronto-striato-thalamic circuitry are thought to be implicated in the
pathogenesis of schizophrenia. Based on converging findings from post-mortem and in-
vivo studies, I hypothesised that FA would be reduced in the anterior thalamic radiation in
subjects at high risk of psychosis compared to healthy controls (Hypothesis 5.1). The left
anterior thalamic radiation, a pathway connecting the thalamus with the prefrontal cortex,
showed a significant reduction in FA and a concurrent RD increase in subjects with first
episode psychosis. This observation is consistent with the DTI abnormalities described
in portions of fronto-thalamic pathways at psychosis onset (Perez-Iglesias et al., 2010a,b)
as well as in the chronic phase of schizophrenia (Buchsbaum et al., 2006; Carletti et al.,
2012; Kubicki et al., 2005; Kubota et al., 2012; Mamah et al., 2010; Marenco et al., 2012;
Mitelman et al., 2007; Rosenberger et al., 2012; Sprooten et al., 2009; Sussmann et al.,
2009; Zhou et al., 2007). Some studies in the existing in-vivo DTI literature describe FA
reductions in the ATR or in the anterior limb of the internal capsule (ALIC), a region of
white matter traversed by the ATR. However, this finding is controversial, as there are also
some negative studies (Ashtari et al., 2007; Kito et al., 2009; Kyriakopoulos et al., 2008;
Szeszko et al., 2005). Nevertheless, other data from MRS, volumetric and neuropatholog-
ical studies point to the role of thalamic dysfunction in schizophrenia. The fronto-thalamo
connections are the final part of circuits linking the frontal lobe with the basal ganglia and
the cerebellum. Thus, the findings from the present study suggest that structural dam-
age to the fronto-thalamic pathways could underpin differences in functional connectivity
associated with risk for the disorder (Friston, 1999; Marenco et al., 2012; McGuire and
Frith, 1996; Morey et al., 2005; Woodward et al., 2012; Zhou et al., 2007).
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My second hypothesis (Hypothesis 5.2) was that FA values in the ALIC in UHR sub-
jects would be intermediate relative to those in patients with first episode psychosis and
healthy controls. Consistent with this hypothesis, I found that, at baseline, FA mean and
radial diffusivity values in UHR subjects were intermediate to those in the other groups,
although not significantly different from each of them. These findings are in line with evi-
dence from many other studies, that neurofunctional abnormalities in high risk groups are
qualititively similar to, but less severe than those in patients with psychosis (Fusar-Poli
et al., 2007).
The lack of significant differences between UHR and controls may be due to the
methodological approach used to measure DTI parameters. The estimation of the mean
values of DTI indices in a tract may not be a strategy sensitive enough to detect the rel-
atively small changes that might be expected in high risk subjects. Another possibility is
that the differences identified the VBM analysis were driven by alterations in other fibre
bundles (corpus callosum, left superior corona radiata and left superior fronto-occipital
fasciculus) that pass through this region of white matter, and that were not investigated
in the present study. A further consideration is that if changes are localised to a portion
of the ATR, rather than being distributed along its entire length, they could be ‘averaged
out ‘ such that a true difference could not be detected. This might explain why the trac-
tography failed to confirm the longitudinal changes in DTI parameters of UHR, UHR-P
and UHR-NP groups that were detected by the VBM analysis. Support for this possibility
comes from the only previous tractography study in FEP and UHR subejcts, which also
reported negative findings (Peters et al., 2008). In order to address the methodological
problem of achieving accurate but sensitive measurements, it has been proposed to esti-
mate FA at points along the trajectories identified by tractography (Jones et al., 2005).
However, given that the trajectories forming a pathway may differ in length, number and
shape across individuals, it is not clear how to statistically compare measures calculated
along trajectories.
Some limitations to this study need to be discussed. As already mentioned in section
4.1, due to the limited sample size, these findings will require confirmation in a larger
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group. I could not assess the effects of gender on the DTI results because the present
sample was mainly composed of males. I used probabilistic DTI tractography to investi-
gate the microstructure of the ATR in order to obtain a tract specific measurement. Using
this approach, data were analysed to investigate to a more detailed extent the VBM find-
ings showed in section 4.1; these findings are indicative of an association between ATR
degeneration and high risk for schizophrenia (Carletti et al., 2012).
Although tractography is an elegant way of measuring white matter differences, the
approach suffers from some serious limitations. One major drawback is that it assumes a
consensus about prior anatomical knowledge with regard to the existence, origin, course
and termination of white matter tracts in humans. Unfortunately, our understanding of
white matter fibres of the human brain remains incomplete (for instance, the existence of
the superior or inferior fronto-occipital, or occipito-frontal, fasciculus is still controver-
sial (Kier et al., 2004; Schmahmann and Pandya, 2007; Schmahmann et al., 2007; Türe
et al., 1997)). Another weakness of tractography is the absence of a gold standard for the
interpretation of the results. In-vivo tractography is at the same time based on prior (and
perhaps inaccurate) neuroanatomical knowledge and can thus be validated against this in
a fallacious circle.
In conclusion, this study showed a reduced WM integrity in the left ATR, similar to
changes observed at the first episode of psychosis, although less marked than in FEP.
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In the previous chapter I used tractography to assess cortico-subcortical connectivity
and found a reduced FA of the left anterior thalamic radiation in the UHR sample. In the
present chapter, I will assess the existence of cortical abnormalities in gyrification and
thickness in both the UHR and the twin samples. In light of current theories regarding
the formation of cerebral gyri, these changes may reflect a pathological process acting on
cortical grey matter and white matter and altering therefore thalamo-cortical connectivity.
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6.1 Cortical surface analysis in the UHR sample
Introduction
Emerging evidence suggests that individuals at high risk for psychosis (UHR) show
subtle neuroanatomical abnormalities. A considerable amount of neuroimaging literature
has been published about UHR subjects. Structural (for reviews, see reference (Fusar-
Poli et al., 2011b; Jung et al., 2010)) and functional (for review, see reference (Fusar-Poli
et al., 2007)) neuroimaging studies suggest that these changes are localised to the frontal
and temporal lobes. A recent large multicentre study indicated that UHR subjects exhibit
lower prefrontal volume compared to the controls and that reduced left parahippocampal
volume is associated with a later onset of psychosis in UHR (Mechelli et al., 2011). Addi-
tional abnormalities, such as cortical thinning in frontal, temporal, limbic (Fornito et al.,
2008b; Jung et al., 2011) and parietal (Jung et al., 2011) regions have been reported in
the UHR compared to controls. Cortical thickness is thought to reflect the number and
density of neurons. A reduced number of neurons in frontal and temporal lobes is con-
firmed by neuropathology, and suggests an altered neurodevelopment in schizophrenia
(for a review, see reference (Harrison, 1999; Harrison and Weinberger, 2005)). Disorders
such as polimicrogyria, pachigyria, lissencephaly and other cortical malformations show
that an early insult to brain development may result in abnormalities in brain gyrification
(Barkovich et al., 2012). Similarly, in schizophrenia, which is hypothesised to be a neu-
rodevelopmental disorder, there is some post-mortem (Vogeley et al., 2000; Wheeler and
Harper, 2007) and neuroimaging evidence of increased frontal and temporal gyrification
in subjects at genetic risk for schizophrenia and at the first episode of psychosis (Harris
et al., 2004b, 2007; Schultz et al., 2010). Harris et al. suggested that right prefrontal hy-
pergyria (anteriorly and laterally to Brodmann areas 9 and 10) might reflect disturbed or
abnormal connectivity predictive of subsequent schizophrenia (Harris et al., 2004b, 2007).
Compared with healthy individuals, UHR subjects showed a cortical thinning distributed
throughout the whole brain (involving the prefrontal cortex, anterior cingulate cortex, in-
ferior parietal cortex, parahippocampal cortex, and superior temporal gyrus) (Jung et al.,
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2011). Fornito et al. focussed on the limbic system of UHR individuals and found that,
relative to healthy individuals, UHR-P subjects present bilateral thinning of the rostral
paralimbic anterior cingulate, whereas UHR-NP subjects displayed a dorsal and rostral
limbic thickening (Fornito et al., 2008b). However, given the dearth of cortical gyrifica-
tion and thickness studies in the early phase of psychosis there is no general agreement
about these findings. It should also be noted that research to date has not yet evaluated
gyrification in UHR individuals. Although the exact mechanism that shapes the cortex
remains unclear, it has been postulated that gyrification may reflect the underlying con-
nectivity (See chapter 2 and reference (Van Essen, 1997) for more details). Based on
this hypothesis (Van Essen, 1997), prior structural findings in UHR (Fornito et al., 2008a;
Fusar-Poli et al., 2011b; Jung et al., 2010, 2011; Mechelli et al., 2011) and populations
at high risk for schizophrenia (Harris et al., 2004a,b, 2007) and the observation of white
matter abnormalities described in chapters 4 and 5, I investigated brain gyrification in
the UHR sample, using an automatic protocol that provides a measure of overall cortical
thickness and folding (Schaer et al., 2008; Zilles et al., 1988). On the ground of existing
evidence, it could conceivably be hypothesised that:
Hypothesis 6.1. Individuals at high risk for psychosis will exhibit increased gyrifica-
tion and cortical thinning in the frontal and the temporal lobes.
Hypothesis 6.2. Within the UHR group, individuals who later developed psychosis
(UHR-P) will show hypergyria in the right prefrontal lobe and cor-
tical thinning the anterior cingulate gyrus.
Methods
Demographic and Clinical Variables
The demographic characteristics of the sample are described in details in chapter 3
and summarised in Table 3.2.
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MRI Acquisition
Three dimensional structural MRI scans were obtained on a 1.5 Tesla GE SIGNA
NVi scanner (General Electric, Milwaukee, USA) with 3D Inversion Recovery prepared
Spoiled Gradient Recalled sequence (SPGR). Detailed scan parameters are reported in
table 3.7. and are summarised as follows: repetition time = 35 ms, echo time = 5 ms, flip
angle = 30◦, matrix = 256 x 256, field of view = 20 x 20 cm2 yielding 214 sections of 1.5
mm thickness.
Preprocessing
MRI scans were processed using FreeSurfer (http://surfer.nmr.mgh.harvard.
edu/) following a standard protocol (Fischl and Dale, 2000). At the end of processing,
Freesurfer generates a triangular cortical mesh for grey and white matter surfaces consist-
ing of approximately 150 000 vertices (i.e., corner-points of triangles) per hemisphere.
When all of the surfaces had been reconstructed, the 3D local gyrification index (L-GI)
and cortical thickness were computed as previously described (Fischl and Dale, 2000;
Schaer et al., 2008) (A detailed description of the protocol used for the calculation of
cortical thickness and L-GI are reported in chapter 3).
Statistical Analyses
Between-group differences in cortical gyrification and thickness were estimated us-
ing t-tests and performed using the SurfStat package (http://www.math.mcgill.ca/
keith/surfstat/) in Matlab (R2012; MathWorks). More details are reported in chap-
ter 3. Since age and total cerebral surface might have an effect on cortical gyrification and
thickness, they were considered as potential confounder of the group effects on cortical
measurements. Hence, age and total cerebral surface were included in the model to adjust
group effects for confounder differences.
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Results
Demographic and clinical details
Demographic and clinical details are presented in Table 3.2.
MRI data
Results of gyrification and thickness analyses are summarised in Table 6.2, Table 6.3,
Figure 6.1, Figure 6.2, Figure 6.4 and Figure 6.5.
Cross-sectional comparisons at baseline
UHR versus HC There were significant differences in gyrification, but not in corti-
cal thickness, between the two groups. Compared to controls, UHR presented hypogyria
in the frontal lobes bilaterally and in the right anterior cingulate gyrus (see Table 6-2).
FEP versus HC There were several regions where there was a significant differ-
ence in both gyrification and cortical thickness between FEP subjects and healthy con-
trols. Compared to healthy controls, individuals at the first episode of psychosis showed
a reduced gyrification index bilaterally in the left frontal, in the right temporal, parietal
and left occipital lobes (for details see Table 6.2 and Figure 6.2). Cortical thinning in
FEP subjects compared to HC was localised bilaterally in the temporal lobe, in the right
frontal and parietal lobes and in the left occipital lobe (details are reported in Table 6.3
and Figure 6.5).
FEP versus UHR When compared to UHR, FEP subjects presented hypogyria in
the right frontal, temporal and parietal lobe (details are reported in Table 6.2 and Figure
6.3) and a widespread cortical thinning (details are reported in Table 6.3 and Figure 6.6).
Findings at baseline in UHR subjects who later developed psychosis
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UHR-P versus UHR-NP Within the UHR group, there were significant differences
in cortical thickness between subjects who developed psychosis (UHR-P) and those who
did not (UHR-NP). Cortical thinning was localised bilaterally in the frontal and parietal
lobes, and in the right temporal lobes. There were no significant differences in gyrification
between the two groups.


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Emerging evidence has shown that GM volume is reduced in UHR individuals partic-
ularly in the frontal and temporal lobes. GM volume is the mathematical product of the
cortical thickness and the cortical surface area. During brain development, the formation
of cortical folding is associated with an increase in the cortical surface and therefore with
the volume of cortical GM (Donkelaar et al., 2006). In this study, a surface-based ap-
proach was used to assess whether cortical thickness and gyrification changes are evident
in UHR subjects. To our knowledge, this is the first examination of both cortical thickness
and cortical gyrification deficits in UHR subjects: previous studies (Fornito et al., 2008b;
Harris et al., 2004a, 2007; Jung et al., 2011; Tepest et al., 2012) have examined one or the
other, but not both. Based on previous findings (Fornito et al., 2008b; Harris et al., 2004a,
2007; Jung et al., 2011; Tepest et al., 2012), I hypothesised that individuals at high risk for
psychosis would exhibit hypergyria and cortical thinning in the frontal and the temporal
lobes compared to healthy controls (hypothesis 6.1). I also predicted that, within the UHR
group, UHR-P would show hypergyria in the right prefrontal lobe and cortical thinning
the anterior cingulate gyrus (hypothesis 6.2).
Cortical gyrification
Contrary to expectations, and the findings of previous studies (Harris et al., 2004a,
2007; Tepest et al., 2012), I found hypogyria in the frontal lobes bilaterally and in the
right anterior cingulate gyrus of both UHR and FEP subjects (see Table 6.2). UHR sub-
jects showed reduced gyrification in both frontal lobes and in the right anterior cingulate
compared to controls. The FEP group showed hypogyria in similar regions, although there
was also a more generalised hypogyria in the right hemisphere, which extended to the
right temporal and parietal lobes. Methodological factors in the acquisition and analysis
of gyrification may account for this discrepancy in findings and will be discussed further
in section 6.2 and 6.3. Further research is needed to explore the effect of methodological
differences in the measure of gyrification. In contrast to earlier findings, (Harris et al.,
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2007) no evidence of hypergyria was found within the UHR group, when I compared
subjects who later developed psychosis and those who did not. This negative observa-
tion does not support the idea that right prefrontal hypergyria is a marker of transition to
psychosis (Harris et al., 2007).
The existing literature includes incomplete, inconsistent, and even contradictory re-
ports on the nature of gyrification in schizophrenia and high risk subjects. Some MRI
studies suggest that there is increased GI in frontal regions in patients with chronic schizophre-
nia (Falkai et al., 2007; Tepest et al., 2012; Vogeley et al., 2001) in the parietal (Tepest
et al., 2012) but not in occipital and parietal regions (Falkai et al., 2007; Harris et al.,
2007). However, reduced GI in schizophrenia has been also reported at global level (Sal-
let, P. C. et al., 2003), in the left hemisphere (Kulynych et al., 1997) and in the frontal
cortex (Bonnici et al., 2007). Controversial evidence comes also from post-mortem data
of increased frontal GI (Vogeley et al., 2000) but reduced GI in the posterior cingulate
(Wheeler and Harper, 2007). Robust findings have been harder to come by (for a review
see reference (White and Hilgetag, 2011)), partly because gyrification studies have been
few and on small cohorts, and partly because there are no longitudinal studies available
that capture the putative dynamic changes of gyrification across the lifespan. Further-
more, in the literature, there are methodological differences in the way the gyrification
index is estimated between studies, making direct comparisons problematic. Even when
the same methodological approach has been used, some studies (Bonnici et al., 2007;
McIntosh et al., 2009) reported lower GI in schizophrenia but others reported an increase
in GI (Harris et al., 2004a,b, 2007). One confounding factor is age, as this will affect GI
in controls and patients. Stage of illness will also vary with age, and it is unclear how this
impacts on GI. Given that the studies of gyrification in UHR available to date are cross-
sectional, they are likely to include subjects who vary a lot in age and stage of illness.
This is more of a problem for chronic schizophrenia studies than high risk/first episode
studies.
Finally, it is worth mentioning that other factors acting on grey matter, such as an-
tipsychotic medication (Ho et al., 2011; Lieberman et al., 2005; Moncrieff and Leo, 2010;
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Navari and Dazzan, 2009; Roiz-Santiáñez et al., 2012), chronicity of symptoms and other
environmental factors (cannabis, alcohol, smoking, stress-related hypercortisolemia, and
low physical activity) may potentially contribute to these inconsistencies across studies.
Gyrification changes have been hypothesised to reflect the underlying brain connec-
tivity. As discussed in chapter 2, there is some evidence that connectivity is linked to gyri-
fication (Hilgetag and Barbas, 2006), probably through the action of mechanical forces
(Van Essen, 1997). According to this view, neuronal fibres pull together regions that
are strongly connected, while less connected regions tend to drift apart. Furthermore,
during early brain development, cortical folding may influence the migration of neurons
into different regions, affecting the architecture of these regions (Hilgetag and Barbas,
2006). This points to the idea that changes in brain shape in schizophrenia may result
from changes in the connections occurring during early neurodevelopment. However, al-
though this is an attractive concept, there is very little current evidence to back this up and
finding the exact relationship between connectivity and schizophrenia based on the exist-
ing literature proves a difficult task. The evidence to date, including that presented in the
current chapter, suggests folding changes in schizophrenia are associated with increased
as well as decreased gyrification index (White and Hilgetag, 2011).
Cortical thickness
In order to further understand changes in cortical shape, I also looked in this sample at
cortical thickness. Hypothesis 6.1 was that there would be frontal and temporal thinning
in UHR subjects. However, compared to healthy controls, UHR subjects did not show a
significant difference in cortical thickness, contrary to the prior reports of cortical thin-
ning in the UHR sample (Fornito et al., 2008a; Jung et al., 2011). A recent meta-analysis
of the literature (Fusar-Poli et al., 2011b) indicated that there is a GM volume reduction
in the temporal, limbic and prefrontal cortex of UHR subjects relative to controls. My
results suggest but do not prove, as I did not directly measure GM volume, that GM vol-
ume reduction in UHR could be a consequence of a diminished gyrification rather than a
result of cortical thinning. However, cortical thinning seems to be present at the onset of
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psychosis as shown in the comparison of FEP individuals relative to healthy controls and
UHR subjects. My negative findings could be in part explained by a different smoothing
extent used to blur each cortical thickness map before statistical analysis, as this crucially
influences the statistical sensitivity to thickness changes (Bernal-Rusiel et al., 2010). In
the present study, a conservative value of 10 mm was used in order to reduce the pos-
sibility of detecting false positives, whereas in another UHR study employing a similar
vertex-wise analysis, authors instead chose a larger value of 20 mm (Jung et al., 2011);
the latter may increase the chance of detecting changes in thickness, but possibly at the
cost of an increased type 1 error. I carried out an exploratory analysis at whole brain level
rather than taking the region of interest approach that has been used in a previous study of
the limbic system (Fornito et al., 2008b), because there is a dearth of thickness studies in
UHR to guide the choice of a specific a-priori hypothesis. It is likely that the attempt to
explore cortical thickness differences at whole brain level, rather than focusing on regions
of interest, may have reduced statistical chances of detecting local thinning as reported by
Fornito et al. (Fornito et al., 2008b).
I did not find, as hypothesised (Hypothesis 6.2) that, relative to controls, UHR-P
would show thinning in the anterior cingulate. A novel finding of the current study is
that, within the UHR group, UHR subjects who later developed psychosis showed corti-
cal thinning distributed to the parietal cortex bilaterally, the right fronto-temporal and left
occipital cortex, compared to those who did not. This suggests an involvement of these
areas before the onset of psychosis. In the patients with first episode psychosis, cortical
thinning was evident in the parietal, frontal and temporal cortex, which is consistent with
data from previous studies in schizophrenia (Kuperberg et al., 2003; Narr et al., 2005a;
Nesvåg et al., 2008; White et al., 2003) and suggests that cortical thinning may progress
following the onset of illness. (van Haren et al., 2011). This is also in line with post-
mortem evidence that the volume of cortical neuropil is reduced in schizophrenia, but that
the number of neurons is preserved (Harrison and Weinberger, 2005). However, with such
a small UHR-P group, caution must be applied in the interpretation of findings, as these
might not be generalised to larger populations. I also cannot exclude the possibility that
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the present study was underpowered to detect other thickness changes, particularly in the
limbic system, that have been reported to be affected by both a cortical volume reduction
and thinning in UHR-P.
In conclusion, gyrification results suggest that the UHR state is associated with re-
duced gyrification in similar areas to those affected in first episode psychosis. There was
no evidence that this was associated with cortical thinning. However, in the subgroup
of UHR subjects who later developed psychosis, there was thinning in fronto-temporo-
parietal areas.
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6.2 Cortical surface analysis in the twin sample
Introduction
Schizophrenia is a highly heritable disease (Picchioni and Murray, 2007; van Os and
Kapur, 2009) and is assumed to be at least in part neurodevelopmental in origin (Murray
and Lewis, 1987). Several cortical folding disorders are caused by an early neurodevel-
opmental insult (for a review of these disorders, see reference (Barkovich et al., 2012)).
Emerging neuroimaging and post mortem findings suggest that schizophrenia may be as-
sociated with abnormalities of cortical folding compared with healthy controls, especially
of the frontal and temporal regions (White and Hilgetag, 2011). Findings reported in the
previous section indicate that subjects at high risk of developing psychosis for clinical
reasons have folding abnormalities compared to controls. However, these subjects have
less familial load for schizophrenia as compared to individuals with a relative or twins
with the disorder. Although differences of findings still exist (Jou et al., 2005), there is
some agreement that family members with schizophrenia and their unaffected first-degree
relatives have a frontal hypergyria compared with healthy control subjects (Falkai et al.,
2007; Harris et al., 2007; Tepest et al., 2012) (see Table 6.4 for a summary of existing
findings). Hence, prefrontal hypergyria has been suggested as a possible predictor for
the subsequent disease development in individuals with a high genetic risk of developing
schizophrenia (Harris et al., 2004b) (see Table 6.5 for more details). Despite this intrigu-
ing idea, these findings are based on only a few studies and it remains unclear whether
hypergyria reflects familial or unique environmental factors, or is related to the disease
itself.
A review of the existing literature supports the notion that widespread changes in cor-
tical thickness might also reflect familial factors (for an overview of findings in subjects
at high genetic risk for schizophrenia see Table 6.6). There is some finding that cortical
thinning may reflect environmental risk factors such as cannabis use (see Table 6.7). Evi-
dence from section 6.1 suggests that a global cortical thinning in FEP subjects is evident
at the onset of psychosis; however, it is unclear whether this could represent a correlate
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Table 6.3: Overview of in-vivo studies of gyrification within groups at familial risk for
schizophrenia. HR= high risk. *** Manual tracing on coronal slices.
Gyrification Lobar level Population
↓ GI Left prefrontal cortex: Jou et al.***, (Jou et al., 2005) 9 adolescent HR males < 12 HC
males
↑ GI
The frontal lobe (but not parieto-
occipital) bilaterally: Falkai et al.
***,(Falkai et al., 2007)
unaffected relatives > HC (and also
SCZ> HC)
↑ GI
Prefrontal GI is positively asso-
ciated to prefrontal lateral-medial
connectivity, and negatively cor-
related to prefrontal-thalamic con-
nectivity (Correlations in high-risk
people were more pronounced than
in control subjects): Dauvermann et
al.*,(Dauvermann et al., 2012)
68 young (16âA˘S¸25 y) unaffected
relatives (with at least two first-
or second-degree relatives affected
with SCZ) of SCZ patients
No differ-
ence
Right prefrontal cortex: Jou et al.
***, (Jou et al., 2005) 9 adolescent HR males = 12 HC
males
of the disease or of risk factors for psychosis.
In this section, I carried out an analysis of cortical gyrification index (L-GI) and thick-
ness in in a large sample of twins (Schaer et al., 2008) applying the same methodological
protocol used for the UHR sample (see section 6.1 and chapter 3 for more details about
the methodology).
Based on prior evidence about gyrification (Dauvermann et al., 2012; Falkai et al.,
2007; Harris et al., 2007; Tepest et al., 2012) and thickness (Boos et al., 2012a; Byun
Table 6.4: Overview of in-vivo studies of gyrification within groups at familial risk for
schizophrenia. HR= high risk. *** Manual tracing on coronal slices.
Gyrification Lobar level Population
↑ GI Right prefrontal cortex: Harris et al.***,(Harris et al., 2007) 16 young (16 - 25 y) HR who sub-
sequently developed schizophrenia
>14 unaffected HR people (with at
least two first- or second-degree rel-
atives affected with schizophrenia)
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et al., 2012; Goghari et al., 2007; Goldman et al., 2009; Hulshoff Pol et al., 2012; Li et al.,
2012; Oertel-Knochel et al., 2013; Prasad et al., 2010), I hypothesised that:
Hypothesis 6.3. Higher genetic (more properly, familial) risk would be associated
with prefrontal hypergyria and focal thickness changes.
Hypothesis 6.4. Schizophrenia and unique environmental risk factors would be as-
sociated with global rather than focal changes in gyrification and
thickness.
Methods
Demographic and Clinical Variables
I studied 116 individuals from 62 (54 complete and 8 incomplete) twin pairs, com-
prising 16 MZ pairs concordant for schizophrenia, 12 MZ and 9 DZ pairs discordant for
schizophrenia, and 26 healthy twin pairs (13 MZ and 13 DZ). Demographics and clin-
ical variables are reported in Table 3.4. The twins included in this section were drawn
from the same original sample used for the white matter analysis at section 4.2, and were
recruited in the same way. The respective sample sizes differed because all the subjects
were scanned using a T1-weigted sequence but not all of the original sample were studied
using also a DTI acquisition.
MRI Acquisition
The sequence used for MRI acquisition was identical to that used for the UHR sample
(see section 6.1 and chapter 3 for details).
Pre-processing
MRI scans were processed using FreeSurfer (http://surfer.nmr.mgh.harvard.
edu/) following a standard protocol (Fischl and Dale, 2000). When all of the surfaces
of the brain had been reconstructed, the 3D local gyrification index (L-GI) and cortical
thickness were computed as described in references (Fischl and Dale, 2000; Schaer et al.,
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2008), in sections 3.6 and 6.1 (a detailed description of the protocol used for the calcula-
tion of cortical thickness and L-GI is reported in chapter 3).
Statistical Analyses
Between-group differences in cortical gyrification and thickness were assessed using
the SurfStat package (http://www.math.mcgill.ca/keith/surfstat/) in Matlab
(R2012; MathWorks). More details are reported in chapter 3. The twins’ dataset was
divided into the following groups and differences were evaluated using t-tests:
1. Unaffected co-twins of those with schizophrenia (MZ and DZ) versus healthy twins
2. Twins with schizophrenia (MZ and DZ) versus their unaffected co-twins
3. Twins with schizophrenia versus healthy twins
Since age and total cerebral surface might have an effect on cortical gyrification and
thickness, they were considered as potential confounders of the group effects on cortical
measurements. Hence, age and total cerebral surface were included in the model to adjust
group effects for confounder differences.
I acknowledge that this method violates the non-independency of data. Further work
is required to overcome this problem using a similar strategy proposed for DTI data in
chapter 4 (see chapter 7).
Results
Demographic and clinical variables
The demographic data are summarised in Table 3.4. The groups differed in parental
socioeconomic status (with the parents of healthy twins having the higher status than the
parents of the other groups) and age, but there were no significant differences in gender,
handedness, or years of education.
The clinical data are summarised in Table 3.6. The patient groups did not differ in
type (first or second generation) or dose (chlorpromazine equivalents) of antipsychotic
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treatment, their age at first contact with psychiatric services, or current positive (SAPS)
and negative (SANS) psychotic symptom scores at the time of scanning. None of the
unaffected twins from discordant pairs or the healthy control twins were unwell at the
time of scanning or taking any psychotropic medication.
MRI data
Results of the cortical thickness and gyrification analysis are summarised in Table
6.10, Table 6.11, Figure 6.7 Figure 6.8, Figure 6.9 and Figure 6.10.
Analysis of familial risk factors Compared to healthy MZ and DZ controls, unaffected
co-twins of those with schizophrenia (whether MZ or DZ) showed an increased gyrifica-
tion index bilaterally in the frontal and parietal lobes, in the right temporal and occipital
lobes (see Table 6.7 and Figure 6.7). Cortical thinning, localised bilaterally in the occipi-
tal lobe, in the left parietal and right frontal lobes, was evident in unaffected MZ and DZ
discordant twins relative to MZ and DZ controls (see Table 6.8 and Figure 6.9).
Analysis of unique environmental risk factors No significant difference in gyrifica-
tion or cortical thickness was found between twins with schizophrenia (MZ and DZ) and
their unaffected co-twins.
Analysis of illness-related risk factors Compared to healthy controls, probands with
schizophrenia showed an increased gyrification index in the left frontal and parietal lobes
(for details see Table 6.7 and Figure 6.8) and a widespread cortical thinning (details are
reported in Table 6.8 and Figure 6.10).
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Thickness Location of results population
Siblings / relatives / offspring of patients with schizophrenia compared to controls
↓ thickness
Trend-level reductions of thickness in
siblings: Goldman (Goldman et al.,
2009)
192 Siblings < 196 HC
Cingulate sulcus and a bilateral
reduction in the superior temporal
sulcal: Goghari (Goghari et al., 2007)
19 Relatives < 22 HC
Frontal and temporal lobes, in the
superior parietal lobe and several
limbic areas: Oerter Knochel
(Oertel-Knochel et al., 2013)
29 Siblings < 37 HC
Right anterior cingulate cortex (ACC),
left paracingulate and posterior
cingulate regions; bilateral frontal
regions including frontal pole and
ventromedial prefrontal cortex;
bilateral temporal regions including
the left parahippocampal gyrus; and
bilateral inferior parietal and occipital
regions: Byun (Byun et al., 2012)
31 Relatives < 29 HC
Parietal lobe: Prasad (Prasad et al.,
2010)
31 Offspring < 33 HC
l thickness Boos (Boos et al., 2012a) 188 Siblings vs 122 HC
Twins
↓ thickness
Higher genetic liabilities for
schizophrenia and BD associated with




with thinner right medial occipital
cortex: Hulshoff Pol (Hulshoff Pol
et al., 2012)
26 pairs < 83 healthy
pairs
l thickness
Higher genetic liabilities for
schizophrenia and BD associated with
thicker temporoparietal and left
superior motor cortices; Genetic
liability for schizophrenia was
associated with thicker right parietal
cortex: Hulshoff Pol (Hulshoff Pol
et al., 2012)
26 pairs > 83 healthy
pairs
Table 6.5: Overview of in-vivo studies of cortical thickness in patients at genetic risk for
schizophrenia compared to controls.
*According to the parcellation scheme of the cerebral cortex proposed by Desikan et
al. (Desikan et al., 2006); + Talairach coordinates of the vertex at which the greatest
difference in gyrification was found within the cluster; SFG= superior frontal gyrus;
MFG=middle frontal gyrus; STG=superior temporal gyrus; MTG=middle temporal
gyrus; ITG= inferior temporal gyrus; SPG= superior parietal gyrus; IPG=inferior
parietal gyrus.
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Table 6.6: Overview of in-vivo studies of cortical thickness in relation to environmental risk in
siblings of patients with schizophrenia compared to controls.
Thickness Lobar level Population
↓ thickness group x cannabis interaction:
Habets (Habets et al., 2011)
98 healthy siblings < 87 control
subjects.
No differences
group x developmental trauma
interaction: Habets (Habets
et al., 2011)





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A surface-based approach was used to assess whether cortical thickness and gyrifica-
tion changes reflect familial or illness-related factors. To the best of my knowledge, this
is the first examination of both cortical gyrification and cortical thickness in twins with
schizophrenia. I hypothesised that individuals with a familial risk for the illness would
exhibit frontal hypergyria and focal cortical thinning (Hypothesis 6.3). I also hypothe-
sised that schizophrenia and unique environmental risk factors would be associated with
global rather than focal changes in gyrification and thickness (Hypothesis 6.4).
Cortical gyrification
Unaffected MZ and DZ twins showed hypergyria in the frontal lobes compared to
MZ and DZ controls. These findings are in agreement with observations of hypergyria re-
ported in unaffected relatives of patients with schizophrenia compared to controls in some
studies (Dauvermann et al., 2012; Falkai et al., 2007), although not with others (Jou et al.,
2005). Harris (Harris et al., 2007) and Dauvermann (Dauvermann et al., 2012) focused on
the prefrontal cortex and used an automatic method for the estimation of the gyrification
index. They both reported a right increased prefrontal hypergyria in individuals at high
risk for schizophrenia. Using a different protocol for the estimation of the gyrification
index, my results corroborate those of Harris and Dauvermann (Dauvermann et al., 2012)
but suggest that, contrary to Hypothesis 6.3, an increased familial risk for schizophrenia
is associated with a global, rather than focal, hypergyria, distributed to the frontal, pari-
etal lobes bilaterally and to the right temporal and occipital lobes (see Table 6.10 and
Figure 6.7). Manual measurements of the gyrification index reported inconsistent find-
ings. However, two studies measured the gyrification index at whole brain level using
three MRI slices (Falkai et al., 2007; Jou et al., 2005). Falkai et al. (Falkai et al., 2007)
found a prefrontal hypergyria whereas Jou et al. did not (Jou et al., 2005). Harris (Harris
et al., 2004a) manually measured the gyrification at whole brain level and reported in-
creased gyrification index in the right prefrontal cortex only. Animal studies have shown
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that the morphological consequence of a prenatal injury is not limited to the site of a le-
sion, but involves distant areas (Goldman-Rakic, 1980; Goldman-Rakic and Rakic, 1984).
Under the assumption that folding abnormalities are consequent to a neurodevelopmental
insult, it can thus be suggested that if there is an abnormal frontal connectivity (Dauver-
mann et al., 2012), cortical abnormalities in other cortical regions should also be evident.
This can only be tested using a whole brain approach, but results remain inconclusive:
our vertex-wise analysis of the whole cortex detected widespread hypergyria, but another
study reported hypergyria localised to the prefrontal cortex only (Falkai et al., 2007).
Another unexpected finding was that, contrary to Hypothesis 6.4, there was no evi-
dence of gyrification abnormalities when MZ and DZ discordant twins with schizophre-
nia were compared with their unaffected co-twins. Within the MZ discordant group, there
was no significant difference in gyrification between affected and unaffected pairs. Over-
all, these negative results are in line with those from a sample of affected and unaffected
family members larger (n=130) than the group considered in the present study (Falkai
et al., 2007). These two negative findings together differ from findings reported in another
study (Harris et al., 2007) of prefrontal hypergyria in high-risk subjects who subsequently
developed schizophrenia compared to high-risk subjects who did not. I cannot exclude
that methodological differences may account for the discrepancy between the two sets of
findings, as the whole brain analysis used in the present study required more comparison
(approximately 150000 vertices) than those in the analysis of the prefrontal region alone,
and therefore was less sensitive in detecting changes than the latter. Nonetheless, these
negative results suggest that the effect of unique (non-shared) environmental factors on
gyrification is minimal. Furthermore, this observation challenges the idea that prefrontal
hypergyria may be a marker of the subsequent development of psychosis proposed by
Harris et al. (Harris et al., 2004b), although a longitudinal study would be appropriate to
clarify this issue further.
Finally, in line with Hypothesis 6.4 and prior reports of an association between hy-
pergyria and genetic liability in subjects who develop schizophrenia (Falkai et al., 2007;
Harris et al., 2004a, 2007), the comparison of probands with schizophrenia and healthy
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twins confirmed that hypergyria was extended beyond the prefrontal region to include the
parietal lobe.
Cortical thickness
In order to further understand changes in cortical shape, in this sample, I also looked
at cortical thickness to check whether gyrification changes could be driven by thickness
changes, another possible marker of brain connectivity. My main hypothesis (Hypothesis
6.3) was that individuals with a familial risk for the illness would exhibit frontal hyper-
gyria and thinning.
As for gyrification, cortical thinning in unaffected discordant twins compared with
healthy controls was distributed to frontal, parietal and occipital lobes. These findings
are in line with the existing literature (Byun et al., 2012; Oertel-Knochel et al., 2013;
Prasad et al., 2010), suggesting that familial vulnerability to schizophrenia is associated
with cortical thinning (Byun et al., 2012; Oertel-Knochel et al., 2013; Prasad et al., 2010),
although there remains some dissent (for negative findings, see references (Boos et al.,
2012a; Goldman et al., 2009)). Moreover, this is consistent with the idea that a familial
vulnerability to schizophrenia influences the cortex during brain development (Goghari
et al., 2007). Although there is some evidence of an association of cortical thickening
with genetic liability for schizophrenia (Hulshoff Pol et al., 2012; Li et al., 2012), there
was no evidence of such a finding in the present study.
I also hypothesised that schizophrenia and unique environmental risk factors would be
associated to global rather than focal changes in gyrification and thickness (Hypothesis
6.4). In agreement with this prediction and with findings of a prior longitudinal study
into chronic schizophrenia (van Haren et al., 2011), I have found that a cortical thinning
distributed over the cerebral convexities, rather than a specific focal thinning, might be a
correlate of illness-related factors as opposed to vulnerability to illness. In particular, as
shown in Figure 6.9 and Figure 6.10, there was much more involvement of the temporal
cortex, suggesting that this might be a correlate of illness as opposed to vulnerability to
illness. A marked temporal thinning in patients with schizophrenia relative to unrelated
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healthy control twins’ temporal lobes is largely consistent with prior studies (Goldman
et al., 2009; Kuperberg et al., 2003; Narr et al., 2005a,b; Yang et al., 2010).
Whilst one prior twin study reported an association of environmental liability with
thinner right medial occipital cortex (Hulshoff Pol et al., 2012), and another family study
reported an association between cannabis exposure and cortical thinning in the left frontal
pole and bilaterally in the parahippocampus (Habets et al., 2011), in the present study
there were no differences in cortical thickness associated with unique environmental fac-
tors.
A number of important limitations need to be considered. The major limitation lies in
the selection of the appropriate statistical analysis of twins. I acknowledge that this pre-
liminary analysis violated the assumption that twin groups are independent. I am explor-
ing the feasibility of reanalysing the mean thickness extracted from significant clusters
using regression models that could address familial non-independence within the data.
The cross-sectional design did not allow us to investigate the relationship between cor-
tical folding and thinning over time. Moreover, most of the patients with schizophrenia
were taking antipsychotic medications at the time of the MRI scan. Thus, the effect of
medication on the structural changes cannot be evaluated in our sample. I did not look
at DZ unaffected versus healthy controls, as the DZ unaffected group was very small and
because SurfStats, the data analysis software package, employs a parametric approach,
it does not provide a reliable estimate with small sample sizes. There is no alternative
non-parametric statistical tool for the whole brain analysis of gyrification and thickness.
In conclusion, the combined analysis of cortical thickness and gyrification provides
the first evidence that a distributed hypergyria and cortical thinning reflect an increased
risk of developing schizophrenia related to familial factors. The findings of hypergyria
are suggestive of abnormal corticogenesis and may represent neuroanatomical correlates
of dysconnectivity deficits in schizophrenia.
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6.3 Conclusion
In this chapter, I have analysed cortical gyrification and thickness in two different high
risk samples with some discordant results. The twin study was more powerful because
it was larger than the UHR study. There was some problem in the acquisition of T1-
weighted data in the UHR sample that precluded the possibility of re-analysing UHR at
follow-up and the analysis of baseline data provided unexpected results that should be
interpreted with caution. The reasons for the reduced in gyrification observed are not
clear, and given the relatively small group size it is important not to over-interpret these
results and testing if a hypogyria in this sample is biologically plausible remains an open
question. For these reasons, further data collection should be recommended to determine
exactly how gyrification changes in UHR subjects.
I examined the relationship between gyrification and thickness in the twins sample
and found that cortical gyrification shows a negative relationship with thickness. This re-
lationship is evident in patients with schizophrenia and in the unaffected twins of co-twins
with schizophrenia when compared to healthy control twins. This negative relationship
suggests that in regions of the brain, individuals with hypergyria tend to have a thinner
cortex. A possible explanation for this relationship is the ‘cortical stretching’ mecha-
nism, according to which the growth of white matter stretches the adjacent grey matter
tissue causing increased gyrification and cortical thinning. This speculation points to neu-
rodevelopmental abnormalities in schizophrenia in which several processes can influence
cortical thickness. As described in chapter 2, it has been hypothesised that mechanical
tension (Van Essen, 1997) might influence shape and, through a stretching mechanism,
could also determine cortical thickness. Cortical thickness reduction has also been asso-
ciated with synaptic pruning and glial cells reduction (Paus et al., 2008). Synaptic pruning
refers to the process of elimination of excess neuronal synapses starting early on during
brain development and continuing during adolescence (Huttenlocher, 1979). It has been
hypothesised that a defect of synaptic elimination during adolescence may contribute to
the pathogenesis of schizophrenia (Feinberg, 1982, 1990), but there is evidence that thin-
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ning also progresses over time in adults with schizophrenia (van Haren et al., 2011). Post-
mortem findings in adults with schizophrenia have demonstrated fewer synaptic connec-
tions in multiple brain regions (for a review of findings, see reference (Faludi and Mirnics,
2011)). Altered brain connectivity could result from aberrant synaptic plasticity as well
as from aberrant wiring of connections during development or from both. Neuroimaging
(Glasser and Van Essen, 2011) and histological studies (Triarhou, 2007) suggest that intra-
cortical myelination and cortical thickness are inversely correlated. Intracortical myelin
increases from birth to adulthood (for review, see reference (Paus et al., 2008)). Under
the assumption of neurodevelopmental abnormalities of myelination in schizophrenia, an
excessive intra-cortical myelination could partly explain findings of cortical thinning in
schizophrenia. All these factors cannot be demonstrated using neuroimaging and in the
present study, twin analysis is based on cross-sectional data. The conclusions about the
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7.1 Summary
Psychotic disorders like schizophrenia are major causes of disability and economic
burden worldwide (World Health Organization, et al., 2008). Schizophrenia is treatable,
but the treatment is more effective when the disorder is still in its very early phase (World
Health Organization, et al., 2008). Being able to identify individuals at high risk of de-
veloping psychosis before they have severe symptoms could thus significantly reduce
the damage caused by such disorders and may delay, or even prevent, the onset of the
full-blown illness (Fusar-Poli et al., 2012a). As a part of this strategy, it is essential to
understand the role of brain connectivity in the relationship between clinical and genetic
risk factors for schizophrenia and the illness. The underlying idea of this thesis is that psy-
chotic disorders such as schizophrenia are associated with abnormal brain connectivity.
The aim of this work was to identify neuroanatomical correlates of genetic and clinical
vulnerability to psychosis. I therefore focused on those structural changes that may reflect
abnormalities of cortico-cortical and cortico-subcortical connectivity. Concepts of brain
connectivity and brain development were introduced in 2 to illustrate the background of
this work. The material and methods used in this thesis were presented in chapter 3. In
chapter 4, I addressed the question of whether there are white matter structural abnor-
malities that may predispose an individual to the development of schizophrenia. I ruled
out the possibility that white matter changes may appear before the onset of psychosis
and, using a longitudinal design, I tested the hypothesis that white matter changes in the
brains of UHR individuals at UHR of psychosis worsen as the disease progresses. In
the same chapter, I also assessed the critical question of whether white matter abnor-
malities may reflect a familial predisposition or other factors related to the illness or the
environment. In chapter 5, I used MRI tractography to identify trajectories along which
molecules of water diffuse between the thalamus and the prefrontal cortex. These two
grey matter structures are linked by reciprocal connections (the anterior thalamic radia-
tion), whose dysfunction is thought to underpin a wide range of clinical and cognitive
deficits in schizophrenia. I tested the hypothesis that white matter abnormalities may
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underpin a disruption of thalamo-cortical connectivity in UHR subjects. In chapter 6, I
focused on the cortical morphology of individuals prone to schizophrenia. Gyrification
and thickness are thought to reflect neurodevelopmental abnormalities related to cortico-
cortical and cortico-subcortical connectivity. I tested the hypothesis that an altered cortical
morphology is associated with an increased risk of psychosis.
7.2 Discussion
In chapter 4, I demonstrated that white matter changes are evident in the UHR state,
in subjects who are not psychotic, but may later develop the disorder; these abnormali-
ties are located in similar areas to those detected at the first episode of psychosis, but are
less pronounced. I also found that the microstructure of the left prefrontal white matter
changes as subjects move from a high risk to a frankly psychotic state. Using a sample of
twins, I showed that microstructural abnormalities of the left frontal white matter are re-
lated to the familial risk of schizophrenia, while unique environmental and illness-specific
effects may drive changes in the other white matter regions. In chapter 5, a tractography
analysis of trajectories between the thalamus and the prefrontal cortex confirmed that
white matter abnormalities in the left ATR of UHR individuals are associated with al-
terations in a specific thalamo-cortical pathway. This finding provides support for the
idea that abnormal fronto-striato-thalamic connectivity could contribute to schizophrenia
(Andreasen et al., 1996; Jones, 1997; Swerdlow, 2010). In chapter 6, I analysed cortical
morphology in UHR subjects and in twins with schizophrenia. I found that, whereas the
UHR state was associated with reduced gyrification in similar areas to those affected in
first episode psychosis, increased gyrification was observed in subjects at high genetic
risk for schizophrenia. These results suggest that both hypergyria and hypogyria may be
related to a vulnerability to psychosis. In the present study, the UHR state was not associ-
ated with cortical thinning, but within the UHR sample, fronto-temporo-parietal thinning
was linked to the later development of psychosis. Cortical thinning distributed to frontal,
parietal and occipital lobes seems underpinnig familial vulnerability to schizophrenia,
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however a more widespread cortical thinning reflects factors related to the illness. As
there is no evidence that the UHR and familial high risk subjects are biologically different
caution in interpreting the opposite findings in these two populations. Given the larger
sample size of the twin sample, and the different confounding factors in the UHR and
familial high risk subjects, the discrepancy of findings needs to be investigated further in
a different and larger UHR population.
7.3 Limitations
Some caveats need to be considered regarding the studies presented in this thesis. The
UHR sample size was modest, although larger than those in most studies of UHR sub-
jects, and caution should be applied as the findings might not be generalised to larger
populations. Similarly, although the total twin sample was relatively large, it may still
have lacked the power to detect significant FA reductions when comparisons were made
between subgroups. Given the small number of females involved in both the UHR and
twin samples, I could not assess the effects of gender on the results. In both samples,
the results in comparisons involving patients with first episode psychois or schizophre-
nia may have been influenced by effects of treatment. However, at least in the case of
DTI analysis, previous studies of schizophrenia have not identified a clear effect of an-
tipsychotic medication on FA (Kanaan et al., 2005). A note should also be made of the
methodological factors. Whole brain analysis of data required registration. I acknowl-
edge that whilst mis-registration of DTI data can be minimised by the use of voxel-based
(Zhang et al., 2007a) or tract-based (Smith et al., 2006) analysis techniques, it can never
be completely eliminated and therefore results should always be interpreted in light of
this potential confound. Cortical surface analysis relies on a segmentation procedure that
is highly dependent on the quality of data; any mistake during segmentation may affect
pial reconstruction and therefore cortical measurements. Although I tried to minimise
these errors by reviewing every step of segmentation, I acknowledge the possibility of
suboptimal results in some cases.
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7.4 Future directions
Re-analysis of the gyrification and cortical thickness results in the twin
sample
I am planning to re-analysis gyrification and thickness data in the twin sample that
I have reported in chapter 6 using regression models that could address familial non-
independence within the data. This analysis will be similar to the VBM analysis of DTI
data reported in chapter 4.
Tractography of the anterior thalamic radiation in the twin sample
The tractography study of the anterior thalamic radiation in the UHR can be extended
using the same method to the twin dataset.
Structural covariance of the vulnerability to psychosis
The methods used in the present thesis assumed a univariate relationship between a pa-
rameter of interest (FA, MD, RD, AD, GI, cortical thickness) and risk factors (of clinical,
familial, unique environmental or disease-related nature). However, as has emerged from
the results, determining how brain connectivity may reflect vulnerability to psychosis is a
multivariate, rather than a univariate, problem. Thus, for instance, GI changes in one part
of the cortex are correlated to changes in other parts of the brain, as demonstrated in lesion
experiments in animals (Goldman-Rakic, 1980; Goldman-Rakic and Rakic, 1984). How-
ever, it is unclear how related cortical regions covary in cortical thickness and gyrification.
Furthermore, it is not clear whether this covariation may be related to the underlying white
matter microstructure.
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Assessment of psychiatric risk based on neuroimaging data
The results of this thesis suggest a link between abnormal brain connectivity and lia-
bility for psychosis. Although this further improves our understanding of physiopathol-
ogy of the illness, none of the findings represent a robust biomarker that could be used in
clinical practice to predict the risk of subsequent illness (Orru et al., 2012). The key chal-
lenge to progress in this area is the difficulty in making reliable predictions on the basis of
neuroimaging data from an individual patient. An analytical approach that shows promise
in overcoming this difficulty is termed ‘machine learning’, a method that has been shown
to be capable of detecting patterns in neuroimaging data that can be used to predict ill-
ness in high-risk individuals (Koutsouleris et al., 2011a,b; Orru et al., 2012). However,
these findings require independent replication, and to date have relied on measures of a
single imaging parameter - grey matter volume (Koutsouleris et al., 2011a,b). The extent
to which the use of other imaging measures, such as grey matter thickness or white mat-
ter integrity, or the use of multiple imaging measures, may improve the accuracy of the
predictions has yet to be tested.
7.5 Concluding remarks
My findings indicate that an increased risk of psychosis is associated with abnormal-
ities of the white matter microstructure, and of cortical thickness and gyrification. These
can be interpreted as manifestations of cortico-cortical and cortico-subcortical connectiv-
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